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RHIC POWER SUPPLIES: LESSONS LEARNED FROM THE 1999 — 2001
RHIC RUNS*

D. Bruno', W. Eng, G. Ganetis, R.F. Lambiase, W.Louie, J. Sandberg, C. Schultheiss
Brookhaven National Laboratory, Brookhaven Science Associates, Upton, NY, 11973, USA

Abstract

The Relativistic Heavy lon Collider (RHIC) was
commissioned in 1999 and 2000. The two RHIC rings
require a total of 933 power supplies (PSs) to supply
currents to highly inductive superconducting magnets.
These units function as 4 main PSs, 237 insertion region
(IR) PSs, 24 sextupole PSs, 24 Gamma-T PSs, 8 snake
PSs, 16 spin rotator PSs, and 620 correction PSs. PS
reliability in this type of machine is of utmost importance
because the IR PSs are nested within other IR PSs, and
these are all nested within the main PSs. This means if
any main or IR PS trips off due to a PS fault or quench
indication, then all the IR and main PSs in that ring must
follow. When this happens, the Quench Protection
Assemblies (QPA’s) for each unit disconnects the PSs
from the circuit and absorb the stored emergy in the
magnets. Commissioning these power supplies and QPA’s
was and still is a learning experience. A summary of the
major problems encountered during these first three RHIC
runs will be presented along with solutions.

1 INTRODUCTION

The idea behind this paper is not to merely list detailed
problems and solutions but to give an overview of the
major problems and how they can be avoided the next
time. Some detailed problems will be given but they will
be used mostly as examples. Of course not all problems
can be avoided completely but the more that are tackled
up front then the less you have to deal with when the
machine is running,

2 MANUFACTURING PROBLEMS
2.1 Some P.S. Manufacturer Problems

Dealing with manufacturers of the power supplies, at
their facility, is where a lot of the problems you encounter
can be taken care of up front.

e PSs, from the unipolar IR PS manufacturer, were
very dependable when it came to the power
components such as the transformers, chokes, and
SCR’s but the electronics they designed gave us no
end of grief. We had problems with their voltage
regulator card, firing card and DCCT electronics.

¢  The unipolar IR PS manufacturer also, had a problem
with the way they energized the main contactor with
a solid-state relay. This gave us problems because
they did not place an MOV across the solid-state
relay. A chattering main contactor would result.

*Work performed under Contract No. DE-AC02-98CH10886
with the U.S. Department of Energy. "bruno@bnl.gov
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®  Some other problems encountered with the unipolar
IR PS manufacturer were loose bus connections and
mis-wiring to the isolation amplifier board.

*  The bipolar PS manufacturer that was chosen needed
to be shown how to design parts of the PSs. correctly.
You should be worried about this manufacturer from
the start but you may not have a choice because he
may be the lowest bidder.

e The bipolar PS manufacturer was also very, very late
with the PSs because of the small facility they had
and limited experience with building these PSs.

2.2 Some P.S. Manufacturer Solutions

* For any manufacturer, closer monitoring at the
facility would have helped solve many of these
problems. Some of these problems could have been
avoided if someone was up at the manufacturer
watching a lot more of the manufacturing process
and watching a lot more of the testing that was taking
place.

¢ Choosing a manufacturer that is close also helps
because it is easier to make more trips, even
unscheduled ones.

®  Also, with the unipolar IR PS manufacturer, if we
had looked into the history of their electronics we
would have seen they were not very dependable in
this area. This could be difficult to do. Asking other
people who have used their power supplies is a good
way to gauge what kind of problems we might have
had with their electronics. The other way to avoid
this is to use manufacturers of firing cards and
DCCT’s (or whatever electronics it may be) that are
known to be dependable and at the top of their field.
You can also design some of the electronics yourself.
This is helpful because all the cards are the same,

e  Testing. It would have been great if the manufacturer
would be able to provide a load, which is as close as
possible to the real load. This would bring out a lot
problems that you wouldn’t see until you get onto the
real load. A burn in that lasts as long as 24 hours is a
very good thing but sometimes not enough. Now the
whole Power supply (PS) cannot be put into an
environmental chamber but the electronics can and
running those electronics with variations in
temperature and humidity would have brought out a
lot of problems for us much earlier.

e Always be suspicious of anything designed from
scratch specifically for your PS Always check that
standards are being met, such as the proper spacing
for pins for a 208 VAC connection. -
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®  Use connections which are very reliable and don’t
fail if they are removed and replaced many times.

2.3 Some QPA Manufacturer Problems

®  One of the biggest problems we had with the QPA’s
in the beginning were these QPA fan faults that were
not real. The fans were working but the wrong type
of switch was used. An AC switch was used instead
of a DC switch, the wrong type of air vane was used
and one problem we still have is that these switches
are not sealed. Since we do not have the cleanest PS
buildings we find that over time dust, dirt and
moisture gets into the switches and they have to be
removed and replaced because the contacts in the
switch get dirty.

®  Another problem we had with the QPA’s were the
transformers on the controller cards. These were
mounted on the PC board. After the PC board was
finished the manufacturer cleaned the boards off with
water, which went into the transformers, and over
time they started to fail. All of the transformers were
replaced.

® These QPA’s contain IGBT’s. The IGBT’s have
IGBT driver cards, which the manufacturer designed.
When there was an AC power dip one of the chips on
this card would fail. The card was re-designed so this
would not happen anymore.

2.4 Some QPA Manufaéturer Solutions

Once again closer monitoring of the manufacturer could
help catch more of these problems but not all. The
transformers being contaminated by water someone may
have seen if they were there more often. However, some
of the design issues are usually left up to the
manufacturer, such as, buying the right type of switch or
designing an IGBT driver card correctly. It is difficult to
catch all of these design problems when something as
custom as this is being made. Looking at all aspects of the

. design in greater detail and asking a lot of questions about

the design may have caught some more of these problems,
if you have the time and the people. These problems cost
the machine a lot of downtime and they have almost all
been fixed. We are still looking at replacing the switches
with sealed types. A burn in for an extended period of
time might have also caught a lot of these problems.

3 SYSTEM INTEGRATION PROBLEMS
3.1 PLC/Node Card/Fiber Optic Interface Card

In order to test these power supplies locally the control
system must be up and running and you need a laptop or a
terminal nearby to send commands from. The commands
are OFF, STANDBY, ON or RESET. These start from the
Front End Computer (FEC) go to the PLIC and then to a
node card, which distributes the commands to as many as
12 different power supplies. The fiber optic interface card
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receives its signal from waveform generators, which

reside in the FEC and then convert this signal to an analog -

signal to run the PSs up in current. There has been many
times where one could not test the PSs. locally because
the control system was down. There should be a way of
just going up to a PS and plugging in one connector and
controlling the whole PS from a laptop computer without
any dependence on the control system. This would have
saved a lot of time. If this did exist it would still be
difficult to use in a p.s. setup that exists in RHIC because
of something called the quench link. Since many of the
PSs are nested, those nested PSs must all trip off if there
is a ps. fault or a magnet quench. Testing PSs
individually still requires the quench detection system to
be up to protect the magnets and the PSs. However, there
are some PSs that are not nested and those could be tested
locally without being as dependent on the control system.

3.2 Software Level Diagnostic Tools

In a nested p.s. system like this the more tools you have
for determining what caused the quench link to drop the
better off you are. Having these tools as early as possible
also helps tremendously. We did not have all of these at
the beginning and that made finding problems much more
difficult and time consuming. Here are some of the tools,
which we do use now:
® There is a page called a Quench Summary page,

which tells you which building drops first when the
main quench link drops. We did have this tool during
the first run.

o  There is a new tool called a Timing Resolver. After
you have determined what building dropped the link
first, the Timing Resolver will tell you what brought
the link down first in the building you are looking at.

® There is something called a Post Mortem viewer.
This saves all of the analog PSs setpoint, current,
voltage and error signals for 3 seconds before a
quench link trip and 1 second after this trip. Using
this you can often determine which p.s. caused the
link to drop in the building first. This tool also helps
in troubleshooting the problem. This data is saved at
720Hz.

®  There is a tool called snapshot, which is used for PSs
on and off the main link. This gets triggered on any
p-s. fault and saves the same four waveforms to look
at for troubleshooting purposes. It saves the data for
a longer period of time at 30Hz. There is not as much
detail here as the 720Hz data but you have a much
longer time span you are looking at.

®  There is a tool called snapramp, which stores all of
the ramps for all of the PSs. This allows you to see
how the p.s. is performing while ramping. It also
allows you to compare ramps from one ps. to
another p.s.

¢ There is a tool called BARHSOW, which also saves ;

the ramps of the PSs, and this allows you to compare
many different ramps of the same p.s.
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e There is a tool called PSCOMPARE, which
calculates the difference between whatever analog
signals you select and they can also be compared
against the wfg signal that is sent to the p.s.

e  There is an Alarm Log as well which gives you the
history of the p.s. faults

e There is something called QDPLOT which is
associated with the quench detector and the magnet
voltage taps and the p.s. current signals. This is used
to determine if a magnet has quenched. This has been
made more user friendly by sending information on
which magnet has quenched to a Real Quench page
that anyone can read.

e  There is a page called PSALL that allows you to look
at all of the RHIC PSs in both rings by building or
p.s. type.

¢ The procedure for bringing the main quench link up,
before the PSs are even turned on, is not simple and
takes a long time when done manually. Only an
expert was able to do this. Now programs have been
written to do all of these steps automatically. They
are still being improved upon.

4 TESTING

Testing at the manufacturers facility is very important
and the more that is done the better. However, once we
received the PSs it was even more important to run the
PSs on the real load and in real building (environmental)
conditions for at least two months. Just determining what
time constants were needed for the unipolar nested IR
PSs, and installing these time constants, took about 2
weeks. They were not optimized at the time and we are
still going back and doing this today. Many problems
were encountered because we were learning about all of
the new p.s. problems and we were trying to integrate the
PSs into the whole system, which was brand new. This
system integration included not only p.s.” but also QPA’s,
the quench detection system (quench link), waveform
generators, fiber optic interface cards, an MADC (analog
readback) system, and a NODE CARD to PLC system for
p.s. controls. These are the main ones but problems were
found with each and every one of these systems, some of
which we are still trying to correct 4 years later. Not all of
them are big problems but they still need to be dealt with.
Having people available from all of the different groups
while this testing is going on is also a big help. Extended
burn in times is a high priority test and even turning off
and on the circuit breaker feeding the equipment while the
equipment is running is a good idea to see how well the
equipment survives. This would simulate power failures.

5 SUPPORT

During the construction phase there were a limited
number of engineers and technicians. Some of these
engineers and technicians stayed on during normal
operations and they were the ones that would keep the
power supplies running at first. This needed to change and
it slowly is changing. At first only the engineers could fix
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the problems because they did not know what the
problems were. After learning what the major problems
were the technicians would be called in to fix the
problems with or sometimes without the engineers. The
next step was to write procedures and train the support
people on shift 24 hours a day to make the repairs, if they
were routine, and after consulting with the engineer. This
has been a slow process but it is happening. During this
last run a lot of progress has been made and the support
people on shift have been making a lot of the more of the
routine repairs after consulting with the engineer. Then
again a lot of the major problems have been fixed so the
workers on shift have not had as many problems to deal
with. Many procedures have been written to assist with
these repairs. A web page for the collider electrical ps.
group has been developed so anyone can get to these
procedures and any other documentation that deals with
the PSs or QPAs. The web page for the Collider Electrical
PS Group is http://www.c-ad.bnl.gov/ceps/defanlt.htm.

6 DOCUMENTATION

Documentation of existing PSs, QPA’s or whatever is
being used in the system is very important not only to the
engineer but almost more important to people who are not
familiar with the equipment. If you are responsible for a
piece of equipment and you go on vacation then someone
else must know where the documentation is to fix it and
the documentation must exist, in a readable format.

Documentation of each and every problem that creates
machine downtime must also be done and this in itself can
be a full time job. From this documentation many of our
major shutdown lists get generated to fix the problems
that cost the machine downtime. A philosophy of
documenting, and understanding each and every fault
must be followed so that all problems that exist can be
accounted for and fixed. This will lead to an improvement
in machine reliability

7 CONCLUSION

There are many things that can be done the second time
around to reduce the number of problems we had when
we commissioned and ran the RHIC PSs and QPA’s but
without the time and the people it would still be very
difficult. That is why it is so important to choose the right
manufacturer for the job, pay close attention to their
design and do as much testing as you can at their facility.

The authors would like to thank the many technicians
and supervisors who worked along with us to keep the
power supplies and QPA’s running. Some of these are
Rich Conte, Sonny Dimaiuta, Mitch Delavergne, Joe
Drozd, Gregg Heppner, Brian Karpin, Rich Kurz, Bob
McCarthy, John McNeil, Rich Meier, Tom Nolan, Dan
Oldham, Jim Osterlund, Fred Orsatti, Paul Ribaudo,
Eugene Rupp, Jeff Wilke, Ed Weigand, Doug Wood, and
Ron Zapasek.
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BOOSTER MAIN MAGNET POWER SUPPLY IMPROVEMENTS FOR
. -NASA SPACE RADIATION LABORATORY * AT BNL *

1. Marneris, K.A. Brown, J.W. Glenn, A. Mc Nerney, J. Morris, J. Sandberg,
' S. Savatteri. '
Brookhaven National Laboratory, Upton, New York 11973 USA

Abstract

The NASA Space Radiation Laboratory (NSRL),
constructed at Brookhaven National Laboratory, under
contract from NASA, is a new experimental facility,
taking advantage of heavy-ion beams from the
Brookhaven Alternating Gradient Synchrotron (AGS)
Booster accelerator, to study radiation effect on humans,
for prolonged space missions beyond the protective
terrestrial magnetosphere. This paper describes the
modifications and operation of the Booster Main Magnet
Power Supply (MMPS) for NSRL applications. The
requirement is to run up to 1 sec flattops as high as 5000
Amps with 25 % duty cycle. The controls for the Main
Magnet Power Supply were modified, including the
Booster Main Magnet application program, to enable
flattop operation with low ripple and spill control. An_
active filter (AF) consisting of a +/- 120 volts, +/-700
Amps power supply transformer coupled through a filter
choke, in series with the Main Magnet voltage, was added
to the system to enable further ripple reduction during the
flattops. We will describe the spill servo system, designed
to provide a uniform beam current, during the flattop.
Results from system commissioning will be presented.

PARAMETERS

The Booster MMPS consists essentially of six pairs of
thyristor controlled power supplies connected in series
(the actual implementation is in 2 stations). Each pair is a
24 pulse controlled rectifier, rated at +/- 1000 volts dc, see
Figure 1. For NSRL application only IAB and IIAB
power supplies are used, because they are rated for 5000
Adc, while the rest of the units are rated for 2800 Adc.
During the flattop only IAB unit will be on while TIAB is
in bypass. The key parameters for the Booster MMPS are
shown in Table 1. '
Table 1: Booster MMPS ratings

Voltage dc max at 2800 amps dc max +-6kV
Voltage dc max at 5000 amps dc max +/-2kV
Current dc max at +/-6000 V dc max 2800 A
Current dc max at +/-2000 V dc max 5000 A
Fundamental Ripple Frequency 1440 Hz
Magnet Resistance (R) 0.107 O
Magnet Inductance (L) 0.145H
Nominal pulse rep. Rate for NSRL 4 sec
Nominal Flattop for NSRL 1 sec
3600 KVA Transformer primary current 150 A
rms

*Work performed under Contract Number DE-AC02-98CH10886 with
the auspices of the US Department of Energy
# Formerly known as Booster Application Facility
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Even though the units are operated as 24-pulse controlled
rectifiers, the ripple requirement at flattop is very
stringent. Note that running the power supply for NSRL
application at 5000 A, with 1 sec flattop and a repetition
rate of 4 sec, the 3600 KVA transformer’s primary current
was measured to be 145 A rms, which is very close to the
rating of the transformer see Table 1. For that reason the
Nominal pulse repetition Rate for NSRL was set to 4 sec
with a Nominal Flattop of 1 sec, under the worst case
flattop current of 5000 A.

ALGORITHM MODIFICATIONS

As noted in the previous paragraph, the Booster MMPS
consists essentially of six pairs of thyristor controlled
power supplies connected in series. There are bypass
SCR’s across every pair, except pair IAB. There is a
Booster application program that calculates 6 voltage
references and one current reference, based on a required
magnetic field pulse. If the required magnet voltage is
2000 volts as it is the case for NSRL application, only
pairs IAB and IIAB are used. The rest of the pairs are in
bypass mode, meaning that the bypass SCR’s are turned
on automatically. During the 5000 A flattop however, the
flattop voltage is 535 volts dc. With the original algorithm
of the Booster application program, unit IIAB was firing
at 0 volts during the flattop, and unit IAB was firing at
535 volts. As a result the ripple from unit IAB was added
to the ripple from unit IAB and this resulted in
unnecessary voltage ripple during the flattop. Note that
the most contribution to beam spill modulation, is due to
the voltage ripple of the Booster MMPS during the
flattop. The Booster application program, was as a result
modified, to place unit IIAB in bypass mode during the
flattop, since the total voltage needed 535 volts dc, was
accommodated by unit TAB. At the end of the flattop
however, unit IIAB had to be turned on to ramp down the
current, using —1000 volts. For that reason the Booster
application program was also modified, so that unit
IIAB’s voltage reference was becoming positive for 50
msec with an amplitude of 100 volts to commutate the
bypass SCR off and then was going negative to —1000
volts.

ACTIVE FILTER DESIGN

As mentioned above, one of the most critical
contributions to beam spill modulation, is due to the
voltage ripple during the flattop of the Booster MMPS.
The fundamental frequency at flattop is 1440 Hz.
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However we have harmonics mostly at 60 HZ, some at
120 Hz, 180 Hz, 240 Hz, 300 Hz and 360 Hz, see Table 2.
The damped passive filter at the output of the MMPS is a
40 db per decade filter with the 3-db point set to 400 Hz.
As a result this filter attenuates frequency harmonics
above 400 Hz without any attenuation at frequency
harmonics below 400 Hz. The MMPS voltage ripple
requirement by the spill, is an order of magnitude of 1 to 3
volts peak, for frequencies below 500 Hz. Therefore, in
order to create a filter with the robustness required by the
continuous and flexible operation of the Booster, it was
decided to use a series transformer/choke as the coupling
element to the MMPS circuit. Note that this design is
already implemented as part of the AGS MMPS for the
same reasons, with great success. The idea was to derive
the ac component of the Booster MMPS voltage ripple
during the flattop and inject it, 180 degrees out of phase
as a voltage reference, into a voltage regulated power
supply, connected to the series transformer/choke with the
Booster magnets. As a result the coupled voltage through
the transformer/choke would cancel out the actual Booster
MMPS voltage ripple. A voltage regulated power supply
rated at +/-120 Vdc, +/-700Adc, drives the series
transformer/choke. The ac ripple during the flattop of the
Booster MMPS, is fed into tuned filters with adjustable
gains and phases, and the output of the tune filters drives
the power supply. The tuned filters are tuned to correct 60
Hz, 120 Hz, 180 Hz, 240 Hz, 300 Hz, and 360 Hz. The
power driver is a commercial, bipolar, 4-quadrant, switch
mode power supply. The switching frequency is ~44 kHz,
which results in a constant voltage full power bandwidth
of 1.5 kHz. The input voltage is 480V three phase and can
be disabled through a fuse disconnect switch. The back
EMF from the Booster MMPS while the Booster MMPS
is pulsing at +/- 6000 Vdc, is 20 Vdc peak-to-peak. The
inductance of the transformer/choke was measured to be
25 mH and the resistance of it was measured to be 100
mQ. Figure 1 is a block diagram of the overall system.

+
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FS1F L=0.145 H L2 R2 :
, R=0.107 Ohms
- REFERENCE
PSIB [ |k AT e MAGNE PS2A
sl [UST) PS2B
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+H-120V
. +- TO0A
PS 1E PS2F

Figure 1: Booster MMPS block diagram

ACTIVE FILTER RESULTS

The active filter power supply system was fully
commissioned with very encouraging results. We run a
3000 amps NSRL cycle for the Booster MMPS, with 0.5
sec flattop and a repetition rate of 5 sec. This cycle was
being used to commission the NSRL extraction line. With
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the active filter power supply off, we measured 55 volts
peak to peak, magnet voltage ripple during the flattop. See
oscilloscope Figure 2. Then we turned on the active filter
power supply and independently adjusted the gain and
phase of the tune filters feeding the active filter power
supply for 60 Hz, 120 Hz, 180 Hz, 240 Hz, 300 Hz and
360 Hz. Oscilloscope Figure 3, shows the magnet voltage
ripple during the flattop to be 27 volts peak to peak from
55 volts previously stated. Figure 3 also shows the active
filter power supply voltage of 230 volts peak to peak,
coupled through the transformer/choke into the main
magnet voltage. The major component as can be seen is
60 Hz. Table 2, shows the magnet peak voltage ripple as a
function of frequency, as measured by a spectrum
analyzer with the active filter on and off, at the flattop
current of 3000 A. Note that the MMPS 60 Hz harmonic
was improved by a factor of 10. The rest of the MMPS
harmonics were improved by a factor of 4 to 7 depending
on the frequency component. Figure 4, shows a 1x10"
protons, 300 msec extracted beam as measured by an ion
beam chamber, with the active filter power supply off.
Figure 5 shows the 1x10' protons 300 msec extracted
beam as measured by the same ion beam chamber, with
the active filter power supply on. Note that the 60 Hz
ripple on the extracted beam was improved by a factor of
3000 A FLATTOP

4.5.
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Figure 3: MMPS Flattop voltage and Active filter power
supply voltage, Active filter ON
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Table 2: MMPS Flattop voltages, Spill harmonics, Active
filter ON and OFF (BLUE= Corrected frequencies)

Frequency | - MMPS Flattop MMPS Flattop

(Hz) Voltage Peak, Voltage Peak,
At 30004, At 3000 A,
Active filter OFF |  Active filter ON
60 16.38 1.56

120 7.0 0.96
180 3.06 0.48
240 3.78 0.54
300 24 0.54
358 0.84 0.12
378 1.95 0.48
420 24 1.2
720 0.84 1.32
1082 24 4.2
1440 4.44 6.3

300G

2000

1060

6 — - ]

Figure 4: 1x10'® protons, 300 msec Beam spill, AF OFF

180

1600

~Figure 5: 1x10'° protons, 300 msec Beam spill, AF ON

SPILL SERVO

The spill servo is a feedback loop used to dynamically
adjust the MMPS flattop current in order to ensure a
uniform beam spill with constant spill length. Figure 6 is
a block diagram of the system. The Booster spill servo is
identical to the AGS spill servo. It has been built but not
been fully commissioned yet. Since the Booster MM time
constant is 1.35 seconds, it has a corresponding load
breakpoint frequency of 0.12 Hz and thus can control very
well the average spill rate and spill length. There is a 0 to
10 volts Booster Circulating Beam monitor (CBM) signal,
coming to a sample and hold circuit in the spill servo. The
CBM signal is sampled at the timing event called spill
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start, which is usually 50 to 100 msec after the beginning
of the flattop. The sample and hold, retains this value until
another timing event comes in, called the end of flattop.
This square wave signal is then multiplied by another 0 to
10 volts signal called spill rate. This signal through some
amplifier gain, constitutes the actual spill reference of the
spill servo loop. Once extracted beam is established, an
ion chamber spill monitor intensity signal is used for
measurement and for feedback. An error amplifier is then
used to subtract the ion chamber spill monitor signal from
the spill reference. The error signal is multiplied with
another 0 to 10 volts signal, coming in the spill servo
called the spill gain, which sets the gain of the loop
remotely. This error signal is switched in only during the
flattop and is being added to another signal coming in the
spill servo, called the spill function. This signalisa 0 to—
10 volts square wave signal. The addition of these two
signals goes through an integrator, which starts
integrating at the beginning of the flattop and is being
reset at the end of the flattop. The output of this integrator
through some gain, is being added to the current error of
the current loop of the Booster MMPS. Thus the MMPS
flattop current is dynamically adjusted, in order to ensure
a uniform beam spill during the flattop. Provisions are
also made to learn what the spill error signal is through a
data acquisition device and then play it back into the spill
servo, without using the spill monitor feedback signal.
This requirement, was set by NASA. Note that this
provision does not exist in the AGS spill servo.

SPILLRATE
SPILLERROR gpy; ermor sm-,é L
0T010v0C L PLAY BACK I§LPIALYLBA0< cve)  ENDOF
0TO10VDC FOROPENLOOP |  FLATIOP
BOOSTER CBM REFERENCE £ 0ToT0vC
07010V T
K] >

Figure 6: Booster MMPS Spill Servo

CONCLUSION

The algorithm modifications and the active filter have
been fully commissioned. The 60 Hz ripple on the
extracted beam was improved by a factor of 4.5. The 120
Hz, 180 Hz, 240 Hz, 300 Hz and 360 Hz components,
were improved by a factor of 5 to 7 depending on the
frequency. The spill servo has been built and is in the
process of being fully commissioned.
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LIGHT TRIGGERED THYRISTOR CROWBAR FOR KLYSTRON
PROTECTION APPLICATION

J.-P. Jensen, W. Merz, DESY, Hamburg, Germany

Abstract

High power klystrons have to be protected in case of
arcing or other failures. In most applications this is
achieved by fast closing switches operating in parallel to
the klystron path. These switches are known as crowbars.
Most commonly used crowbar switches are sparkgaps,
thyratrons and ignitrons. Recent progress in the
development of high power semiconductors introduces
the possibility to apply semiconductor closing switches as
crowbars. The most promising approach is the application
of the Light Triggered Thyristor (LTT). This especially is
interesting for high power high voltage dc installations,
like hvdc klystron power supplies with appropriate
protection requirements. This paper describes a solution
using series connected LTTs as a closing crowbar switch.
Static and dynamic behaviour of the thyristors are
introduced. The special requirements regarding the
crowbar applications are pointed out. Results of a first
prototype are presented to replace sparkgaps within an
existing installation, where very high charge transfer
capability has to be achieved.

INTRODUCTION

Despite recent attempts to introduce opening switches
for klystron protection applications the closing switch
approach is still the most commonly used. This is effected
by the possibility to dump all the stored energy of the
main circuit elements. This regards to lumped elements
and parasitic elements respectively. Several high voltage
switching technologies have been in use for years.
Significant progress in high power semiconductor
technology opens up new possibilities. The development
of the Light Triggered Thyristor looks attractive for high
voltage applications. These thyristors were developed for
HVDC links in the power distribution industry.
Improvements in their dynamic switching parameters
made them suitable for high dI/dt requirements.
Furthermore the optical gate control allows convenient
series connections limited only by the quality of the
applied optical fibre and its appropriate length,

LTT-CHARACTERISTICS

Light Triggered Thyristors are characterized as their
electrically triggered counterparts. Except the triggering is
achieved by a laser pulse applied to the integrated
amplifying gate structure. The main electric parameters of
LTTs for phase control applications are attractive in high
voltage and high surge current capability. But they suffer
from poor dI/dt values, which is required in crowbar
applications. The break-through was made with the
dedicated modification of the resistive area within the
optical gate structure of the thyristor pellet [1]. This leads
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to application specific thyristors with hard switching
behaviour. The result is a optimized thyristor combined
with appropriate operating conditions. This method can
be summarized as follows:

®  Reduced voltage level to about half of the nominal
value during dc operation, which results in
significant lower off-state currents and minimizes
the probability of charge carrier generation
initiated by cosmic radiation.

e  Reduced operating temperature leads to further
reduction of the off-state current, which simplifies
voltage balancing requirements in series connected
thyristor assemblies.

e Modified gate resistor value gives the possibility
of higher dI/dt and pulse currents.

e Increased optical power of the applied gate pulse
leads to further improvement of pulse operation.

The general dependencies of the off-state current on
voltage and temperature are given by the manufacturer
[2]. The reduction of the off-state current for dc operation
combined with the modification of the optical gate and
reduced operating temperature are the most important
steps toward the application of LTTs for klystron
protection. The significant thyristor parameters are
pointed out in the following table.

Table 1: Typical parameters of a LTT compared to its
hard switching version.

T1503N 75T | T1503NH 75T S02

(STANDARD) | (HARD SWITCH)
Vb, Vor [V] 7500 7500
Irav [A] 1760 1760
Irsm [KA] 40 40
Ip [mA] 500 0.8

@7500V/120°C | @4000V/50°C

di/dt . [A/us] | 1000 5000
Tocak puise [A] not specified 5000
Pogtical gate [mW] 40 @ IOHS 100 @ IOHS
tdon [118] 5 3..4

Measured thyristors show Ip-values in the range
between 100pA and 400pA instead of the promised
800pA. This gives an additional margin regarding static
voltage balancing requirements. The improved dI/dt
capability is attained by the appropriate integrated gate
resistor value.
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SPECIAL REQUIREMENTS FOR
CROWBAR APPLICATIONS

Special requirements for crowbar switches used in
klystron protection circuits can be summerized as follows.

¢  Continuous high voltage dc operation without self

breakdown Figure 2: Electrical configuration of the LTT crowbar
e High pulsed currents and high dI/dt during the For static voltage sharing a simple 1 MOhm high
starting phase of the capacitor discharge. voltage resistor in parallel to each thyristor is applied.

e High charge transfer capability due to large  This switch is designed for 50kV dc nominal operating
smoothing capacitors and the follow-through  voltage.
current of the power supply.

* Wide range of dc operating voltages to ensure TEST RESULTS
protection during the power-on procedure of the The first tests have been carried out with a simplified
power supp ly. test circuit (figure 3). In this configuration the dynamic
*  Lowtrigger delay. ' behaviour during the starting phase of the capacitor
discharge was studied. There is a significant influence of
LTT CROWBAR PROTOTYPE

the commutation voltage on the achievable delaytime of
A first prototype has been build consisting of two LTT  the switch (figure 4). In this test set-up under nominal
stacks with 7 thyristors each (figure 2). The thyristors are  voltage conditions a delaytime of 3.5ps has been achieved
the special types T1503NH75TS02. The mechanical (figure 5). Due to limitations of the main circuit
assembly of two stacks vertically within a movable parameters the maximum achievable dI/dt under no load
construction has been chosen for simple replacement condition was 3.5kA/ys.
inside the high voltage room. The electronic unit with the :
laser diodes is located inside the bottom frame (figure 1).

e
0.0 25 50 75 100 125 15.0 17.5 20.0 25 250

Figure 1: LTT crowbar assembly consisting of two stacks - - - ——

mounted vertically. Figure 4: Crowbar operation at different operating
voltages (Parameter U, = 10/20/30/40/50/60/70/
76 kV)

750

R .
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additional and very significant charge transfer with a
relatively low but long current waveform (figure 7). In
this application the total charge transfer is about 30 C,
where 12 C is the part delivered by the capacitor bank.
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Figure 5: Crowbar operation at nominal voltage

DESY II - INSTALLATION

The new LTT crowbar is planned to operate for
klystron protection in the existing DESYII-booster e*/e”,
This installation is characterized by its large filter
capacitor of 240uF at 50kV dc. The main components are
shown in figure 8. The three sections (Power-Supply, RC-
Filter and Klystron Hall) are linked with appropriate high
voltage cables. The cable link between the capacitor bank
and the crowbar has to be considered regarding dynamic
behaviour of the circuit (figure 6).

Time

Figure 6: Simulation of the starting edge of the Crowbar
current under noload discharge conditions.

Near the end of the discharge process of the capacitor
the power-supply has loaded its smoothing choke. This

stored energy must be dumped by the crowbar. It leads to

Figure 7: Simulation of the so-called follow through-
current introduced by the power-supply smoothing choke.

The operation of the crowbar inside the DESY II —
installation will be investigated in future tests,

CONCLUSION

Light Triggered Thyristors are strong candidates for
high voltage crowbar applications, where high charge
transfer is required Their main advantages are simple
insulation in series connected assamblies due to optical ..
triggering and high charge transfer capability. Sufficient
voltage margin leads to reliable HVDC operation. Special -
care has to be taken selecting the main circuit parameters "
to achieve optimized switching behaviour, namely the -
commutation voltage, dI/dt limits and sufficient dampmg4
in the main circuit. o
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- IMPROVING POWER SUPPLY PERFORMANCE FOR
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Abstract

As part of the recent Duke storage ring hardware upgrade
(2001-2002), a power supply improvement program was
put in place to bring all major DC supplies to their specifi-
cations. In carrying out this program, power supplies have
been modified, tuned, and thoroughly tested. In its actual
operation configuration, each power supply was subject to
extensive testing to determine its DC stability, reproducibil-
ity and linearity, AC ripple and noise, and ramping perfor-
mance. As a result, all major DC supplies have been im-
proved to meet most important performance specifications
for 1 GeV operation. ‘

1 INTRODUCTION

The Duke storage ring and its main light source, the OK4
free electron laser (FEL), were commissioned in 1994 [1]
and 1996 respectively. Since 1998, the Duke FEL storage
ring has been operated for FEL research in the UV and deep
UV region for a variety of user applications in medicine,
biophysics, solid state, and nuclear physics. However, prior
to the 2001 upgrade, the Duke storage ring suffered from
a number of hardware problems, resulting in frequent ma-
chine down-times and beam dropouts. A major contrib-
utor to f,t_:hese problems was the unreliable performance of
the DC :power supplies. All ring quadrupoles were pow-
ered individually by small DC supplies which did not meet
specifications for a modem storage ring. The second prob-
lem was a quad coil overheating problem at high energy
operation (E > 750 MeV). To address these problems,
the following upgrades were carried out during an upgrade
shutdown (2001-2002): (1) all arc quad coils were replaced
with specially designed new coils with inline water cool-
ing; (2) small arc quad supplies were replaced with higher
performance supplies which fed families of arc quads in
series; (3) straight section quad supplies were replaced by
new supplies with better performance; (4) all major sup-
plies were tested and tuned. In this paper, we first present
the performance specifications for the main DC supplies.
We then report power supply modifications carried out in
order to achieve these specifications. Finally, we present
the measured power supply performance including DC sta-
bility, reproducibly and linearity, AC ripple and noise, and
ramping characteristics.

2 SPECIFICATIONS AND
MODIFICATIONS

Three different types of DC power supplies are used
to drive the main magnets in the Duke ring. Forty (40)

*Work Supported by the DoD MFEL Program as managed by the
AFOSR, grant F49620-001-0370.
¥ wu@fel.duke.edu, 1-919-660-2654 (phone).

0-7803-7738-9/03/$17.00 © 2003 IEEE 732

ring dipoles are fed in series by a PEI supply in use since
1993 (PEI SR1074, 800V/700A). Two families of thirty-
four (34) combined function quad-sextupoles in the arc are
driven in series by four (4) new supplies (Bruker B-MN,
60V/833A) from Bruker Analytische Messtechnic GmbH
in Germany. The end-of-arc and straight section quads are
powered in series or individually by eighteen (18) new sup-
plies (Walker HS-7040-4SS, 70V/40A and SOV/40A after
modifications) from Walker Scientific, Inc. in US.

2.1 Performance Specifications

The specifications for these supplies are determined by
beam stability requirements, in particular, the amount of
tune variations allowed. The desirable maximum tune vari-
ation should not exceed that of the tune spread of the beam.
The following beam parameters are assumed for nominal
operation: (1) energy = 1 GeV; (2) horizontal and vertical
chromaticities, £, = 1.3, &y = 2.6. The allowed tune vari-
ations are (RMS) v, = 0.75 x 103 and vy =15x10"3
respectively. This translates to the following rather conser-
vative power supply specifications:

e Dipole PS (PED): 42 < +25 ppm;
o Arc quads PS (Bruker): ATKI'l < £25 ppmy;
e Straight section quad PS (Walker): %{—Ifl < 450 ppm.

s, dvy Arc | SS Tune
[107°] | Dipoles | Quads | Quads | Total budget
DC, X 0.250 0.085 0.125 | 0.292 | 0.750
DC, Y 0.250 0.145 0.225 | 0.366 1.500
AC, X 0.250 0.170 0400 | 0.820 [ 0.750
AC, Y 0.250 0.290 0.700 | 1.240 1.500

Table 1: Allowed RMS tune variations for main supplies.

The allowed tune variations for various supplies are
listed in Table 1. The tune drift (DC) caused by each sup-
ply is assumed to be uncorrelated. The total tune drift is
calculated as the root of the quadratic sum of contributions
from all supplies. For the AC performance, the tune jitter
is assumed to be dominated by line-frequency related rip-
ples. The total tune jitter is then calculated as the sum of
all contributions. The Duke ring is operated with a wide
energy range from 270 MeV to 1.2 GeV. Whenever Pos-
sible, we strive to achieve the same level of power supply
performance for all energies.

2.2 Power Supply Modifications

A number of modifications were made to the PEI
Bruker, and Walker supplies during the upgrade to achieve
the desirable performance. The PEI dipole supply had been
in operation since 1993. However, its ripple, noise, and
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ramping performance were not satisfactory. The PEI per-
formance was improved with the following modifications:
(1) active damping was developed to suppress the reso-
nance of the LC filter; (2) the firing circuit was adjusted
for 60 Hz reduction; (3) the filter inductor was rearranged
to suppress common-mode noise. In addition, the current
regulator was modified to match the load impedance for
overshoot reduction.

BRUKER-QF-IN-17~Apr-2002: Stability

""" = pp=14e-05

000 8000 10000

H ~  ramp2 vs ramp1: 17-Apr-2002 23:00
i -5~ ramp3 vs ramp1: 18-Apr-2002 02:21 1
p4 vs ramp1: 18-Apr-2002 05:42

[¢] 100 200 300 400 500
Set current (A)

Figure 1: Stability and reproducibility for Bruker powering
QF inner coils.

The new supplies had their share of problems. All of the
five newly acquired Brukers were out of absolute calibra-
tion by about 1% and one had a large zero offset. These
problems were corrected on site by a Bruker technician.

The most extensive modifications were made to the
Walker supplies. First, the Walker transformers had to
be reconfigured to match different loads. The load vari-
ation was the result of driving either two or four quads
coils and of variations in output cable length. Second,
the digital control (RS-232C) was found to be too slow
for our ramping requirements and the internal ADC read-
back too inaccurate. All supplies were then retrofitted to
provide differential analog control and readback. Third,
the remote/local control did not work properly and had to
be replaced. Fourth, the long-term (24—48 hours) stability
was found inadequate because the current regulation shunt
had a relatively large temperature coefficient. To overcome
this problem, the shunt temperature was stabilized using a
stand-alone water cooling system.

3 DCPERFORMANCE

DC measurements are performed to determine the sta-
bility, reproducibility, and linearity for each power supply.
All DC measurements are completed in a single run using
a test protocol which interleaves stability tests with slow-
ramp tests. The stability tests cover several energies from
injection to 1.2 GeV; the ramp tests takes the supply from
its minimum to maximum operation current. The DC sta-
bility is calculated as the peak-to-peak (P-P) current varia-
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tion. The linearity, more precisely the deviation from lin-
earity, is computed as the difference between the readback
and its linear fit. The reproducibility is calculated from the
slow-ramp runs as the difference current for the same con-
trol setting.

A Danfysik current transducer was used for measuring
DC currents for PEI and Brukers (Danfysik 860R, 2kA)
and for Walkers (Danfysik 866, 600A). The Brukers were
controlled digitally; the PEI and Walkers were controlled
by 20-bit and 16-bit DACs, respectively. The output volt-
age from the transducer was recorded by a HP 3458A dig-
ital multimeter.
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Figure 2: Main power supply DC stability. The first supply
is PEI followed by 4 Bruker and 18 Walker supplies. The
test duration is typically 3 hours. The peak-to-peak varia-
tions are computed after dropping the first 10% of data.

Fig. 1 shows the DC performance of a Bruker supply
powering the inner coils of the arc QF family. For all four
Brukers, the P-P current variation (stability) is less than 50
ppm for energies from 270 MeV to 1.2 GeV. The repro-
ducibility of all Brukers is less than 55 ppm for the entire
energy range. The deviation from linearity is typically 100
to 150 ppm at 270 MeV settings and less than 50 ppm at 1
GeV. A relatively large deviation from the linear control is
the result of using the 16-bit coarse DAC in the test. Due to
the lack of integrated control of the internal coarse and fine
DACs, only the coarse DAC was used for Bruker control.

The stability results for all major DC power supplies are
shown in Fig.2 for two ring energies. With the exception
of two Walkers, all supplies satisfy the stability and repro-
ducibility specifications from injection (270 MeV) to full
energy of 1.2 GeV. The linearity is a less critical perfor-
mance requirement. All supplies are within a factor of three
of the linearity specifications.

4 RIPPLE AND NOISE PERFORMANCE

AC ripple and noise measurements were performed at a
number of DC current settings. The measurement system
consists of a current transducer, a voltage amplifier with a
built-in filter (1Hz - 3 kHz), and a LeCroy digital scope.
The measured data were analyzed for line related ripples
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(60 Hz, 120 Hz, etc.) and noise. To evaluate the overall
AC performance of various supplies, a simple merit was
chosen as the RMS variation of the current.

The overall ripple and noise performance for all major
supplies is shown in Fig. 3. At the full energy (1.0-1.2
GeV), the AC performance of all supplies is within the
specifications.” At the injection energy, while all Walkers
are still within the specifications, PEI and three Brukers are
out of specifications. Since we have set a Very conservative
spec for the AC performance, it is expected that the amount
of tune jitter at the injection energy is still quite acceptable.

AC Ripple/Noise: Energy = 274 MeV
60— T T

i
A
i

s .
(=]
T

BMS [ppm]
8

o "7 s 10 15 .20 25
. AC Ripple/Noise: Energy = 1.0/1.2 GeV

RMS [ppm]
=

5 - 10 15 - 20 25 - -
Main Power Supplies -

Figure 3: Main'p'(')\'yer supply AC ripple and noise perfor-
mance. The first supply is PEI, followed by 4 Bruker and
18 Walker supplies. T

5 RAMPING PERFORMANCE

Besides the DC and AC performance, the dynamic per-
formance of the power supply is critical for reliable opera-
tion with energy ramping. Two important ramping param-
eters are the current overshoot and time constant for step-
ping control. These parameters determine the beam stabil-
ity during ramping, the field reproducibility after ramping,
and ultimately the total ramp time for reliable operation
with energy ramping. .

With digital control, the Brukers were found with satis-
factory ramping performance after a simple adjustment of
the internal slew rate. The Walker supplies were found to
be relatively fast, with a time constants around 70 msec.
However, significant overshoot were found at a 20% to
30% level. One test Walker supply was modified to demon-
strate that the overshoot could be effectively suppressed
with proper tuning. The rest of the Walkers remain to be
tuned.

The reliability of energy ramping depends heavily on the
performance of the dipole supply PEI. The PEI supply had
been modified extensively in order to reduce the overshoot.
Fig. 4 shows the measured step responses of the PEI output
current before and after the modification. Before the mod-
ification, the current overshoot is about 50% of the step
size. After the modification, the large overshoot is essen-
tially eliminated and the time constant for stepping is 0.15

754

sec. This time constant is a good match with the ramping
rate of the control system at 5 Hz [2).

Transient Response w/o Tuning

222 — 3/12/02: 2.17 - 0.0651 * exp(-1/0.554)*cos(2r*1.04*t + 0.649)
; — 4/30/02: 2.17 — 0.0783 * exp(~t/0.146;

(o] 0:5 ‘; 1.;5 2 25
Time [s]

Figure 4: PEI dynamic response to stepping control volt-

ages. A large overshoot was observed before tuning and

was completely suppressed after tuning.

6 CONCLUSION

After modifications and tuning, all major supplies for
dipoles and quadrupoles are found to have reasonable DC
and AC performance at the high energy (1.0-1.2 GeV) in
terms of stability, reproducibility, linearity, noise, and rip-
ple. The AC noise performance of PEI and Brukers at the
injection energy (270 MeV) needs further improvement.
The dynamic performance of Walkers is not satisfactory;
each Walker needs to be tuned to match its actual load in
order to suppress the overshoot and achieve the same time
constant. The overall performance of these DC supplies
has been found to be rather adequate during past one-year
operation. To sustain this level of performance, an active
performance monitoring program [3] has been put in place
to uncover emerging power supply problems.

With our power supply improvement program, we have
learned several valuable lessons. First, very detailed and
well thought-out specifications are critical in selecting an
appropriate supply for a particular operation. This process
will eliminate many unnecessary on-site modifications af-
ter delivery which can be time consuming and expensive.
Second, one should expect that even a good supply will
need some modifications and tuning in order to satisfy all
performance requirements. Third, a thorough testing pro-
gram with power supplies connected to their actual loads is
essential to uncover problems for further modifications and
to obtain actual performance of supplies under realistic op-
eration conditions.
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COMPENSATION OF LOAD FLUCTUATION OF POWER SUPPLY
SYSTEM FOR LARGE ACCELERATOR USING SMES

H. Sato, M. Muto, T. Shintomi, S. Igarashi, KEK
T. Ise, K. Furukawa, Osaka University

Abstract

In J-PARC 50GeV synchrotron, peak active power and
the dissipation power of main magnets are estimated to be
about 135MW and 37MW, respectively. Super
Conducting Magnetic Energy Storage(SMES) is one of
candidates to compensate these large load and line
voltage fluctuation. Study on circuit configuration of the
power supply with SMES will be discussed. Plan of
experiment is also described.

INTRODUCTION

The J-PARC Project is under progress as the joint
project by the Japan Atomic Energy Research Institute
(JAERD and the High Energy Accelerator Research
Organization (KEK). The facility is located at the JAERI
Tokai site and comprises a 600-MeV linac (200MeV in
the phase I), a 3-GeV rapid-cycling synchrotron (RCS),
and a 50-GeV synchrotron (MR). The 50-GeV
synchrotron main ring comprises 96 bending magnets,
216 quadrupole magnets, 72 sextupole magnets and 186
steering magnets. The power supply system for the
magnets of the 50-GeV synchrotron is made up of a large
number of power supplies, one is for the bending magnets,
11 ones for the families of the quadrupole magnets, 3
ones for the families of the sextupole magnets and 186
ones for the steering magnets. These power supplies are

operated with an excitation pattern of trapezoidal wave

form as shown in Fig.l. The total amounts of active
power of these power supplies become about +105MW~
-66.0MW in peak with only cable loss for 50-GeV
operation[1].

As well known, conventional thyristor rectifiers with a
high power and trapezoidal dc side output current usually
generates a very large cyclic variation of reactive power
and raises unallowable line voltage fluctuation. In order to
overcome this problem, power converters using IGBT or
IEGT are investigated for the power supply of the J-
PARC project. By using power semiconductor devices of
this type, it is possible to construct power supplies with
the characteristics of unity power factor operation. The
line voltage fluctuation estimated is about +2.5%~-2.5%
for 50GeV operation, if the reactive power is
compensated perfectly. However, this fluctuation is not
acceptable for the power line. Then, some active power
compensation device is necessary for 50GeV operation.
At this present, adjustable speed flywheel generation
system to flatten the very large power swing has been
designed([1]. In the phase I, 50GeV synchrotron should be
operated with on energy of 30GeV or 40GeV at highest
with out flywheel. This paper shows the study on
application of superconducting magnetic energy storage

0-7803-7738-9/03/$17.00 © 2003 IEEE 755

(SMES) for this purpose. In the case of SMES, it is
possible to connect the SMES magnet at the dc side of the
synchrotron power supply and exchange energy between
the accelerator magnet and the SMES magnet. Sveral
circuit configurations are proposed and typical simulation
result using is presented in this paper.

CIRCUIT CONFIGURATION OF POWER
SUPPLY

The largest power supply for the synchrotron is for the

bending magnets. Other power supplies for quadrupole

magnets, sextupole magnets and steering magnets are
small and do not affect line voltage fluctuation.
Requirements for the power supply of the bending magnet
is shown in TABLEL Current pattern of the bending
magnet is shown in Fig.1.

TABLEI
Requirements for Power Supply of Bending Magnet

Excitation dc current 202A ~3015A

Peak dc voltage +25.2kV, -32.5kV
Active power (peak) 72.5MW, -54.4MW
Coil inductance 104mH/coil -
Coil resistance 45mQ/coil
Number of coils 96
Cur rfnt :
) FE
Ipjection Acceleration i Extraction iDeceleration
0.17s} 1.95 U 07 L 0.87s

>

>
Time"

A

Term 3. 64s

Fig.1. Typical excitation current pattern of the bending
magnet for 50-GeV operation.

The power supply with SMES proposed in this paper is
for the bending magnets.

Fig.2 shows various configuration of the power supply.
Fig.2(a) shows the system using line commutated ac/dc
converter. In this case, SMES should compensate both
active and reactive power variation. As a result, the power
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rating of the SMES becomes the largest. The
configuration shown in Fig.2(b) shows the system using
forced commutated ac/dc power converter using IGBT
and IEGT. In this case, the magnet power supply can
operate at unity power factor. As a result, SMES
compensates only active power variation. But there is
power exchange through two ac/dc power converters,
resulting with high power supply cost and losses. The
configuration shown in Fig.2(c) uses forced commutated
ac/dc power converter and dc type SMES. In this case,
power rating of the ac/dc converter for magnet power
supply can be reduced, resulting with the reduced cost of
the total system. The system shown in Fig.2(c) is the
proposed system and studied hereinafter. '

Line

© AClLine Commutated

- ac/de Bending Magnet
- Power .

Converter

SMES (Active and
Reactive Power
Compensation)

" (a) Configuration using line commutated ac/dc converter

L . Forced .
- AC Line :- Commutated o
- ac/dc Bending Magnet

Power
Converter

SMES (Only Active
Power Compensation)

. (b) Configuration using forced commutated ac/dc converter

. . Forced
. AC Line Commutated
VA ac/de Bending Magnet
. . Power
i Converter ] .
DC type SMES (Only

] Active Power
Compensation)

{c) Cdnﬁguratjon using forced commutated ac/dc converter and
dc type SMES

- Fig.2. Various configuration of magnet power supply

with SMES.

The power supply of the bending magnets is divided
into six separated power units, because the electric power
rate for the bending magnet is too large to construct a
power supply as one unit. By this method, the power
rating for one power unit is reduced to the possible level
about 5 kV and 10MW. Fig.3 shows connection scheme
between the power units and the bending magnets. As
seen in the figure, the 96 bending magnets are divided
into three groups and both upper and lower coil of the
magnet are connected separately by series in each group,
and connected with the power units in tumn so as to make
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one excitation loop. The simulation was done by the
configuration of one power unit, which is 1/6 of the
bending magnet power supply. Each of the power unit is
composed of a current source ac/dc converter and SMES.
The 40GeV operation can be carried out by the
configuration without SMES, because of the acceptable
voltage fluctuation in the case.

Fig.3. Connection of power supply of the bending
magnets with SMES.

SIMULATION RESULTS

Fig.4 shows the simulation results for the 1/6 of the
bending magnet power supply, using PSCAD/EMTDC
software. The current of the bending magnet was
controlled with the low tracking error. The reactive power
was controlled at almost constant value, which is due to
the capacitor of the ac side filter. The power variation of
the ac/dc converter during the operation cycle was about
11 MW. The average current of the SMES coil is
controlled to be constant except the initial transient. The
charging and discharging energy of the SMES was about
SMLI.

Fig.5 shows the voltage and current waveform ac
source. In this case, the phase difference between the
voltage and the corresponding phase current is almost 180
degree, which shows low reactive power. The current
waveform is almost sinusoidal.

The voltage fluctuation of ac line considering the total
system was also calculated and the calculated results are
shown in Fig.6. The calculated voltage fluctuation was
acceptable for the system. Detailed simulation and the
control system was presented in the reference[2].
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CONCLUSIONS

The power supply system using SMES for the J-PARC
50-GeV main ring was proposed and the fundamental
characteristics of the configuration as shown in Fig.2(c)
have been calculated. For the configuration of Figures2(a)
and 2(b), the flywheel system gives the almost same
effect, but Fig.2(c) system has advantages over the
flywheel system, because of the dc side coupling between
the energy storage device and the accelerator coil,
resulting with the reduced ac/dc converter power rating.
Then, the running cost of the electric power will be less
than that of original design as 1/5. The proposed system
can be applicable for the extension of the system from the
initial 40-GeV operation without energy storage device.

Authors and colleagues are now considering to perform
the SMES experiment at the KEK-12GeV PS extraction
septum magnet power supply, of which total power in
IMW, with using the existing ESK[3] system under
collaboration with KYUSHU Electric Power Company.
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TEST RESULTS ON CAPACITOR COMMUTATION CHARGING TYPE OF
RESONANT POWER SUPPLY FOR SYNCHROTRON RING MAGNETS
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Abstract

A new dual resonant type current ramping power supply
was built and tested. This paper describes experimental
results on several different current waveforms: a
triangular waveform with flat bottom, a trapezoidal wave
with flat bottom and a waveform with reduced fall time.
This paper also analyses the advantages of this type of
power supply and the potential applications.

I INTRODUCTION

Conventionally, synchrotron ring magnet power
supplies adopt resonant system with DC-bias!®3*! or
phase-controlled rectifiers®5”, The former, mostly used
for fast-cycling synchrotrons, requires highly precise
resonant frequency, and fixed cycle time. The advantage
is that it eliminates the requiremeit of a large amount of
reactive power. The latter approach, mostly used for
slow-cycling synchrotrons, needs a large amount of
reactive power compensation. But the load current
waveforms and the cycle time can vary.

The dual resonant power supply 82191 can produce flat
top and flat bottom current pulse. But most of research
work is on theoretical analysis and experimental
project. So far no practical application was reported. In
1996, M. R. Pavan Kumar & J. M. S. Kim developed a
circuit, namely, “HMSC”!'!], They consider that due to
large reactive components used as energy storage device
in the above-mentioned designs, these power supplies
tend to have limited dynamic response. For the same
reason, these designs also require high voltage power
source. .

In order to overcome thesé shortcomings, we propose
a new type of resonant power supply. Its main
advantages are: ‘ _
the reactive power is eliminated; its reactive components
reduced; and the circuit is simplified. The waveform of
load current consists of rising and falling sections, a flat
bottom and a flat top. The cycle time is adjustable, and it
does not need high voltage power supplies. It is
suitable for both fast and slow cycling synchrotrons.

Our research brings forth three main modifications:

* Insulated Grid Bipolar Transistors (IGBT) are
* used as the main switches,
¢ Electrolytic capacitors are used as energy store
device.
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¢ One DC regulator and one SCR are used to
provide flat bottom current, and a large choke is
eliminated.

Based on this idea, several different experiments of
different load current waveforms with about 30A peak
flat top value have been conducted. The results are
promising. We believe that this type of power supply
design can be applied to future accelerator projects.

II PRINCIPLE AND WORKING
PROCESS DESCRIPTION

Figurel is a diagram of the main circuit. The parts
framed in dotted lines are optional depending on whether
non-zero flat bottom or flat top is required.
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Figure 1: Fundamental Principle Diagram.
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Figure 2: Load Current Wave Form.

Figure 2 is trapezoidal current waveform with nonzero
flat bottom. Now we describe the principle and working
process using this waveform as an example.

In Figure 1, Ly and Ry are the inductance and
resistance of the load magnet respectively. PS0, PS1, PS2
are DC regulators. C is bank of capacitors for energy
storage.

In a steady cycle, during the bottom period, the SCR
has been on, and the voltage on the energy storage
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capacitor C is charged to its full value of u=U. At r=,,
IGBT1 and IGBT2 are turned on at the same time. The
SCR turns off due to negative voltage across it.
Capacitor C discharges resonantly through Ly, and the
load current iy rises. At t=t,, iy reaches the top current
ir. IGBT1 turns off and D1 starts conducting. DC power
supplies PS1 and PS2 maintain load current iy=ir
through D1 and IGBT2. At =t;, IGBT2 turns off. This
shuts off the current path and generates a high voltage
across Ly. Diode D2 starts conducting. Capacitor C
charges resonantly through Ly, PS1, D1 and D2. Load
current iy starts to fall. The energy stored in the load
inductance flows back to capacitor C. At £=t,, iy falls to
ip. The SCR is turned on by an external signal, and the
DC power supply PSO maintains a flat load current iy=ig.
D1 and D2 are off due to negative bias. This completes a
full cycle, and the capacitor C is charged to U again.

When the system is turned on initially, the energy
provided by the DC power supplies PS1 and PS2 exceeds
that lost in the circuit. The voltage on capacitor C and the
load current build up over many cycles. After this
transitional period the provided energy by the DC power
supplies equals that lost in the circuit and the system
enters a steady state.

In some cases, it is desirable to reduce the fall time.
We can achieve this easily by reconfiguring the capacitor
bank. For example, if we want to reduce it to one nth, C

is divided into # units. Each unit has a capacitance of C/n.

These units are connected with 3(n-1) diodes as shown in
Figure 3. This ensures that all capacitors are discharged
in parallel (in rising period) and charged in series (in
falling period). The fall time will be reduced
approximately to one nth.

DischazgeT 1 Charge

D D '
C/n D C/n D Cin
[
i

Figure 3: Diagram of discharge /charge of n (C/n) s in
series/parallel.

III EXPERIMENTAL SET

Two single module unit IGBTs (200A/1200V), a SCR
rated at SOA/500V and auxiliary circuits are installed in
one IGBT/SCR driving-controller box. Other
components in the main circuit are connected to the posts
on the rear board.

Two 0~30V/0~30A DC voltage and current regulators
are provided by the Magnet Field Measurement Group.
One 0~12V/2A DC voltage and current regulator are
provided by the Power Supply Group.

The electrolytic capacitors used as the energy storage
capacitor (10000uF/100V, 5 in parallel) and two Diodes
(50A/700V) are spare parts borrowed from the Power
Supply Group.

The load inductor consists of six filter inductors
connected in series. It has the following parameters:
Ly=82mH, Ry; =50mQ.

Construction of an experimental set started at the
beginning of April last year. By the beginning of July we
had completed several experiments and recorded the
waveforms of load current and capacitor voltage (see Fig.
4 to Fig. 8). The basic principle of the suggested design
is fully verified.

IV EXPERIMENT RESULTS

Figure 4: Trapezoidal waveform with 0.75V flat bottom.

Figure 5: Triangular waveform with 0.75V flat bottom.

Figure 6: Trapezoidal waveform with OV flat bottom.
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Figure 7: Triangular waveform with zero 0V bottom.

Figure 8: Triangular waveform with 0.75V flat bottom.
The fall time is reduced using two capacitors in
series/parallel configuration:

V SUMMARY

The flat bottom and top sections of the current
waveform are directly provided by DC regulators. The
rising and falling sections are generated by resonance of
the energy storage capacitors, which are in series with
DC regulators and the load inductance. Through properly
set switch timings, transition between sections is
optimized. The main characteristics are: energy store
capacitor is charged automatically by the induced high
voltage generated in the load inductor.

Using electrolytic capacitors as stored energy
capacitors helps reduce cost and space. It is a viable
alternative to other designs of slow cycling power
supplies. It makes no strict demands on the capacitance
value of the capacitor. So long as it is larger than a
minimum value, the system can work properly. The
larger the capacitance is, the lower the its charging
voltage is, and the more linear the rising and falling
sections of the load current are, and the lower the
voltages across the IGBTs and diodes are, and also the
lower the total power consumption is.

Utilizing IGBTs as the main switches, which can be
turned off by external control, simplifies the design
significantly. High power and current can be achieved by
connecting IGBTs in series or parallel. The main
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technical challenge here is to balance the current and

.. voltage distribution.

Using one DC regulator and one SCR providing flat
bottom of the load current helps to eliminate a large and
expensive choke, and accordingly makes the design more
flexible and less expensive. ) ,

The waveform of the load current and cycle time can
be easily adjusted by changing the output voltage of the

- DC regulators and the timing of the switches. If the

desired waveform is triangular with zero flat bottom,
only one DC regulator is required.

VI REFERENCE

[1] H.Sasaki, “Magnets for Fast-Cycling Synchrotfons”,
KEK Preprint 91-216, March 1992. T a

f2] " A. Young and B. E. shafer, “Electrical Characteristics of
the SSC Low-Energy Booster Magnet System”,
Conference Record IEEE, Particle Accelerator
Conference, pp.1285-1287, 1993.

31 C. Iack, etc. “Energy Storage Inductor for the
Low-Energy Booster Resonant Power Supply System”, -
Conference Record IEEE, Particle Accelerator
Conference, pp.1297-1299, 1993.

[4] J. M. S.Kim and K. W. Reiniger, “Frequency-Domain
Analysis of Resonant-Type Ring Magnet Power
Supplies”, Conference Record 1EEE, Particle Accelerator
Conference, pp.1112-1114, 1993. ]

{51 H. Sato, etc. “Upgrade of the Main Ring Magnet Power
Supply for the KEK 12 GeV Proton Synchrotron”,
Conference Record IEEE, Particle
Conference, pp.908-910, 1991,

[6] Masoud Fathizadeh, “Design and Simulation of High
Accuracy Power Supplies for Injector Synchrotron
Dipole Magnets”, Conference Record IEEE, Particle
Accelerator Conference, pp.917-919, 1991, k

[7]1 Spring-8 Project. Part 1, Facility Design 1990 [DRAFT],
February 1991, pp.3-65 ~ 3-67.

{8] G. Karady, etc. “Resonant Power Supplies for a Large
Synchrotron”, IEEE Transactions on Nuclear Science,
‘Vol. NS-32, pp.1480-1482, 1987.

[9] Ed Schneider “Test Results on Dual Resonant Power
Supply with Flat Top and Flat Bottom Current”, IEEE
Transactions on Nuclear Science, Vol. NS-32,
pp.1505-1507, 1987.

[10] W. F. Praeg, “Dual Resonant Power Supply with
Flat-Bottom”, IEEE Transactions on Nuclear Science,
Vol. N§-30, No.4, pp.2873-2875, August 1983.

[11] M. R. Pavan Kumar & J. M. S. Kim, “A Hybrid
Multi-level Switching Converter for Ring-Magnet Power
Supplies”, IEEE Transactions on Nuclear Science, Vol.
43, No. 3, pp.1876-1883, June 1996.

(12] W. F. Praeg and D. McGhee, “Ring Magnet Power
Supply for a 500 MeV Synchrotron”, Conference Record
of the 1978 Industrial Applications Society, pp. -
1118-1124.

Accelerator




Proceedingé of the 2003 Particle Accelerator Conference

HIGH RESOLUTION ANALOG / DIGITAL POWER SUPPLY
CONTROLLER*

Evgeny Medvedko, Jeff Olsen, Greg Leyh, Stephen Smith, Robert Hettel, Clemens
Wermelskirchen, Till Straumann, Stanford Linear Accelerator Center, Stanford, CA 94309, USA.

Abstract

Corrector magnets for the SPEAR-3 synchrotron
radiation source require precision, high-speed control for
use with beam-based orbit feedback. A new Controller
Analog/Digital Interface card (CANDI) has been
developed for these purposes. The CANDI has a 24-bit
DAC for current control and three 24-bit A- ADCs to
monitor current and voltages. The ADCs can be read and
the DAC updated at the 4 kHz rate needed for feedback
control. A precision 16-bit DAC provides on-board
calibration. Programmable multiplexers control internal
signal routing for calibration, testing, and measurement.
Feedback can be closed internally on current setpoint,
externally on supply current, or beam position. Prototype
and production tests are reported in this paper. Noise is
better than 17 effective bits in a 10 mHz to 2 kHz
bandwidth. Linearity and temperature stability are
excellent.

OVERVIEW

Each magnet for orbit correction at SPEAR 3 will have
a bipolar £30 A supply, the MCOR [1]. One MCOR
supply with CANDI daughter board occupies two slots in
a 17-slot crate. One crate can support 8 MCORs. The
CANDI board controls and monitors the supply’s current
and voltage, exchanges data with the interface board and

the standard VME processor via the crate backplane. The
processor plugs into the interface board, which adapts the
VME processor to the MCOR crate.

CANDI BOARD DESCRIPTION

The 170 CANDI boards were fabricated and assembled.
The CANDI board size is 6.5 x 3.95”, about 0.062”
thick. A shielding box covers the analog signal processing
area. Figure 1 shows a module block diagram.

At the front of the CANDI card there is 4-digit LED
display, showing the supply’s current value and interlock
status; the RS232 input, and the connector for re-
programming the FPGA (Field Programmable Gate
Array) boot PROM.

Two connectors go to the supply. One transmits the
MCOR interlock signals. The other provides the current
setpoint to the supply, it carries the output current to the
magnet and monitor lines for the 65 Volt bulk supply, the
output voltages, and the output current. The short buses
connect the supply’s signals with the output connector,
plugging to the crate backplane. The supply’s output
signal is split in such a way that half load current goes
through the supply’s connector and half through the
CANDI board connector.

The FPGA executes the processor’s commands, reads
status, writes and reads three ADCs and two DACs.

Dataln/Out LLCA_ Serial Data Scalin,
n/Out  .lsppad L >Setpoint (Vsp)
LED Scaling and Multiplexing
Displaylj(_ Val «—— Current Monitor Imon1
ADCI [« €«——CL DAC
RS232 l:—_—l Scall dﬂil‘emperature
Reprogram caling and Multiplexing
FPGA I:I } Va2 <<—— Current Monitor Imon2
Interlock statu R ADC2 [« €——CL DAC
nterlock status | €—— Set Point DAC
Supply Qutput Analog Scaling and Multiplexing
Jeadback || ;4 «—— Voltage Monitor Vmon1
g [——>Vmonl! ADC3 |e <—— Voltage Monitor Vmon2
B \/]\,_ | | “«——CL DAC
é | Vmon2: Scalin, .
S —>Imont | ;
£ —t-2Imon?2 | CL DAC —>CL DAC (Vel)
<€—Setpoint

Figure 1. The CANDI block diagram.

*Work supported in part by Department of Energy Contract DE-AC03-76SF00515 and Office of Basic Energy Smences, Division of

Chemical Sciences.
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The 24-bit resotution Set Point DAC (SP DAC), a Burr-
Brown PCM1704, sets the MCOR control voltage from
0V to +10 V to control the MCOR output current from 0
to £30 A. Three 24-bit resolution A-X ADCs, a Burr-
Brown ADSI251, digitize analog signals - the Imonl,
Imon2, Vmonl and Vmon2 [2]. A precision 16-bit DAC,
a Maxim MAX542 [3] is dedicated to calibration of the
ADCs (CL DAC). .

The highest ADC output rate frequency is 20.8 MHz at
an input clock frequency 8 MHz, the internal digital filter
has notches at the output rate frequency and harmonics.
The ADC has a fixed over-sampling ratio of 64.

Dual 4-channel multiplexers (MUX) are placed in the
front of the signal processing chain. This provides for
module calibration, and configuration of local, remote, or
global feedback.

REQUIREMENTS

®  Required data update frequency 4 kHz.
The analog setpoint and the readback requirements are
shown below (Table 1 and Table 2).

Table 1. The current setpoint requirements.

Analog Setpoint Requirements
Full scale voltage range 10V
Bandwidth DC-2kHz
Accuracy + 10 mV
Stability (24 hours, + 3.5 °C) + 500 uv
Signal to Noise Ratio, integrated | 105 dB or
over10mHz -2kHz 17.2 ENOB

¢  The temperature coefficient limit is: 14.3 ppm/°C
(500 uV /+ 3.5 °C, out of 10 V full scale).

Table 2. The current monitor readback requirements.

already connected to the CL DAC. One cycle of the
measurements ends when ADC1 (Val), ADC2 (Va22)
and ADC3 (Va3) are read. A linear fit yields the relative
gain and zero offset. Calibration results are saved for
operational use.

Calibrated data and source signal differences are within
the + 300 1V peak-to-peak; the rms is 123 uV, better than
required.

Calibrated Vref and ADC-source, V, 100 wV/div,

® 8 6 4 2 0 2 4 6 3§ b
DAC output full scale range sweep , V, 2 V/div.

Figure 2. The setpoint and the readback accuracy.

The noise performance

The ENOB measurements were performed at 4 kHz
data update frequency and 20 kHz ADC readback rate.
The SP and CL DAC outputs were set to + full scale. In
addition to the ADC 64 oversamplings, the FPGA
averages 16 ADC samples. This is equivalent to
increasing the ADC oversampling ratio a factor of 4. The

The ENOB is the Effective Number of Bits, Signal to
Noise Ratio =6.02 dB * ENOB + 1.76 dB.

RESULTS

Accuracy

The following scheme was used to measure accuracy
(Fig. 2). The SP DAC and the CL DAC are swept across a
-10 V to +10V range in 2 V steps. The SP DAC output
signal (Vsp) goes to the external Data Acquisition Unit
(Vref) and to the ADC2 (Va21) via the multiplexer. After
reading them, the multiplexer connects the ADC?2 input to
the CL DAC output (Vcl); the ADCI and ADC3 are
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Analog Readback, Imon Requirements set point and the read back ENOB spread is shown on the
Table 3 below.

Full scale voltage range +10V .

Bandwidth DC - 2 kHz Table 3. The setpoint and readback ENOB.

Accuracy +1mV Souree signal to ADC # ENOB

Signal to Noise Ratio integrated | 101 dB or 16.6 min max

over 1 Hz - 200 Hz ENOB Setpoint: SP DAC to ADC2 17.3 17.7

Analog Readback, Vmon Readback: CLDACto ADC1 &2 [ 175 18.0

Full scale voltage range 0V Readback: CL DAC to ADC3 17.0 17.9

Accuracy =10 mV The production module has no additional averages, the

Signal to Noise Ratio, integrated | 86 dB or 14 ADC output rate is 4 kHz, the readback ENOB is reduced

over | Hz -1 kHz ENOB another 1.25 bits.

Stability

Stability is tested by observing the setpoint output
voltage for extended periods at fixed DAC setting near
full scale. For example Figure 3 shows the setpoint output
varying 1.1 mV over a 40 minute interval where ambient
temperature drops 2.6 C. A temperature coefficient for the
DAC of 44 ppm/°C at a 10 V full scale is estimated from
this data. :

Stability under local feedback was implemented using
the internal ADC to compensate for DAC drift.
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Figure 3. The Vref and Va21 follow the Vsp +10 V
DC signal. The Va22 monitors the Vel.

The test program was run for 50 hours. The average of
every 100 points was taken, then averages were analyzed
(Fig. 4).
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Figure 4. The Vref monitors the DC + 9 V signal
of the SP DAC - ADC2 - SP DAC feedback loop.

e  The deviation of the averaged data is less than + 50

uV; not averaged result is = 200 pV.

At the fast ramp after 23" hour, Vref drifts to 43 uVv (to
the minimum), the temperature varies to 1.21 °C.

e Vreframp drift is 3.6 ppm/°C.

The long slope from 0 to Vref minimum gives the Vref
and temperature drifts: 82 pV and 1.7 °C respectively:

e  Vreflong term slope drift is 4.8 ppm/°C.
Probably, this drift is due to the External Reference 5.4
ppm/°C temperature coefficient at 9 V scale.

The same routine was performed with the CL DAC and
ADCs. The Va3 (Vmon) and Va22 (Imon) deviation was
+ 300 pV and + 250 pV respectively. The feedback loop
was closed through the ADC2. The feedback signal was
bouncing within the CL DAC bit level, after few steps the
CL DAC was tuned to the required value and then did not
change it over 50 hours. So the feedback was not in use
most of the time. The Va3 and Va22 averaged deviations
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are 74 uV and 54 pV respectively. The maximum
temperature drift was about 6 °C, the total drift - 1.2
ppm/°C and 0.9 ppm/°C for the ADC3 and the ADC2
respectively.

SUMMARY

The 170 CANDI corrector power supply controller
boards were fabricated and assembled. Their performance
was tested and exceeds requirements. Accuracy after the
calibration is within 300 pV at full scale.

Noise on the analog set point voltage varies from 17.7
to 17.3 ENOB. The current read back ranges from 18 to
17.5 ENOB. Stability over 50 hours is about + 200 uV
and 5 ppm/°C for the set point, and +250 pV and
1 ppmy/°C for the analog read back.

The whole system shall be assembled
commissioned on the SPEAR-3 light source.

and
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MODIFICATION OF THE CORRECTION BIPOLAR POWER SUPPLY OF
: THE STORAGE RING

Chen-Yao Liu, Justin Chiou, Yuan-Chen Chien, Chang-Hor Kuo
National Synchrotron Radiation Research Center 101Hsin-Ann Rd, Science-Based Industrial Park,
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Abstract

To satisfy performance 1.5GeV beam current
requirement in storage ring, the correction power supplies'
output current ripple have to be low enough from 0Hz to
10 kHz. To suppress the output current ripple noise from
OHz to 10 kHz, the correction power supplies must be
modified from the normal frequency response to higher
bandwidth to make the beam current performance in
storage ring better. The controller gain of the correction
power supplies is changed to detect the high frequency
dynamic current ripple. A control gain modification
scheme is presented here and the correction power supply
with control gain modified have been proven to exhibit
excellent output current ripple reduction from OHz to
10kHz. Results and measured performance will be
presented in this paper.

INTRODUCTION

The correction power supplies are responsible to
control the correction magnets to steer the beam current
to stay within the desired trajectory in-the storage ring.
Hence, the output current performance of the correction
power supply will greatly influence the stability of the
beam current. To future improve the beam current
stability, the correction power supply's  output
performance is measured and investigated. It is found that
the correction power supply's control gain has major
contribution on the stability of the beam current.

Three major factors are evaluated for the performance
of the correction bipolar power supply: [1] 0~10kHz of
the current ripple response [2] long term stability of
output current [3] Output noise current level. After the
internal control gain is modified inside the correction
bipolar power supply, not only the output current
performance is satisfied, but also the low and high
frequency output current response is good for various
correction magnet loads of the storage ring.

This makes the control gain more adaptable to
different loads. Most of all, when changing different
correction magnets load to the correction power supply,
the output current ripple of the correction bipolar power
supply is under the specified specification. Compared
with the old correction bipolar power supply, correction
power supply's adaptability to various load is achieved by
adjusting the control gain of the correction bipolar power
supply. The correction bipolar power supply of NSRRC
mentioned in this paper is designed by INVERPOWER
Corporation. The block diagrams of the model SRR-220-
25-1V as shown in the following Figure 1.
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Figure 1: Model SRR-220-25-20-TV of the
INVERPOWER power supply

| MODIFICATION PRINCIPLE

The major principle to modify the controller gain of
the correction bipolar power supply, is to make the
control gain of the current feedback loop meet the
requirement of the output current ripple response of the
correction bipolar power supply and the magnet both
under the spec. To reduce the current ripple response, the
correction bipolar power supply and the correction
magnet is combined and regarded as one single system in
our modification scheme. The control gain adjusted is the
total feedback gain of the whole system.

For the adjustable function of the current feedback
loop circuit, the characteristic of the current ripple
response is specially paid attention to. The DANFYSIK
DDCT 866 current measurement system and the HP
35670A dynamic signal analyzer are applied to analyze
the total quick response of the current ripple response.
The current ripple response measurement is shown as
Figure 2.

INVERPOWER
Comrection power supply

i Cort ]
u ok Curat B
- Systern (DCCT ZeroFl) -
With
g‘;’;;:g:k ! Hp 34584 HP 356704
Labview Software Mtl_Meter DSA

Figure 2: Block diagram of the current ripple response
measurement system
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Another important principle we certainly considered in
the design is the stability of the feedback signal and the
setting signal. A main circuit diagram of the control gain
stage of the total correction bipolar power supply is
shown as figure3.

Figure 3: Main circuit diagram of the control gain stage of
the correction bipolar power supply

For old requirement, the output current ripple variation
has to be under 100ppm specification. For new control
gain modification of the correction bipolar power supply,
not only the adjusted correction power supply should
meet the need of the old requirement, but also the current
ripple from OHz to 10kHz is also controlled under
100ppm for the total ripple amount. To reach this purpose
the type and the structure of the controller was researched
first for our designing the modified control gain step by
step. Before we design the modified control gain. As
shown and analyzed in Figure 3, the control stage of the
correction bipolar power supply is of Proportional
Integration Controller type (PI control), the error signal is
first integrated and then amplified by a proportional gain
stage. By adjusting the gains in both the integral and
proportional stage. We can observe its effect on the
output current ripple performance.

kl

PE401 It Cumont Lo

P

Figure 4: The current ripple increase from several
hundred Hz to about 5kHz and then drops slowly as
frequency increase.

Since the higher PI control gain of the correction
bipolar power supply reacts with high speed, the fake
signal produced by the parasitic noise in the circuit will
make the feedback signal more sensitive. The resonance
problem of the output signal will also contribute noise. To
solve this problem, the control gain of the correction
bipolar power supply is required to be low. The frequency
response of the output current before gain adjustment is
shown as Figure 4. It's observed that the current ripple
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increase from several hundred Hz to about 5kHz and then
drops slowly as frequency increase.

The reason for this peak is due to the high input
impedance seen by the correction power supply. Figure
5 shows the frequency response of the impedance seen by
the correction magnet power supply.

[,
§88

3

Figure 5: The frequency response of the impedance seen
by the correction magnet power supply

The modification scheme is to lower the control gain to
suppress high frequency output ripple but large enough to
drive the correction magnet. The criteria to determine
whether the control gain is too high is to observe the
output current step response and check if there is
overshoot occurs. The output current step response is
shown in figure 6.

k5 T
.

a)
Figure 6: The setting signal (a) and current for step
response of the correction bipolar power supply and
magnet system (b)

o
i+l

TESTING AND RESULT

After obtaining the parameter values of the controller
from our lab, we load these experimenta! data into the
correction bipolar power supplies of the storage ring.
After careful testing of every correction bipolar power
supply of the storage ring, it is relatively workable,
reasonable and of good performance in the storage ring.

The testing data is collected and integrated for the
reference in the future. The important parameter of the
control gain of the correction bipolar power supplies in
the figure 3 are listed below:

PI Control Gain
Old Control Gain: R42=47k ohm & R44=47K ohm
New Control Gain: R42=22k ohm & R44=15K ohm

The measurement results are shown in Figure 7~8. It
is shown that not only the current ripple of the high
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frequency resonance is reduced, but the current ripples of
60Hz and 60Hz's harmonics are also reduced.
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Figure 8: The output current ripple of the correction
bipolar power supplies (new control gain at 0Amp.)

The output noise current level is observed to be
reduced from original -110dB to be about -120dB.

Next, the output current is set to 10 Amp to observe
it's output current ripple performance. The measurement
result is shown as Figure 9~10:
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Figure 9: The output current ripple of the correction
bipolar power supply (old control gain at 10Amp.)
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Figure 10: The output current ripple of the correction
bipolar power supply (new control gain at 10Amp.)

Although the considerable achievements on reducing
the current ripple, it has to be considered whether or not
the long-term stability of the output current will be
effected by changing the control gain, the long-terms time
domain results are shown as Figure 11. It is shown that

the output performance is not effected by the new
controller parameter.
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Figure 11: The long-term stability output current (10Amp.
Output) testing of the correction bipolar power supply

CONCLUSION

In the design and testing process, applying the
technique of RC filter and 77 circuit to the output stage,
the effect of this is limited since the high frequency
current resonance problem is not solved. However, by
adjusting the interior control gain of the correction bipolar
power supplies, the output current ripple is greatly
reduced. After modifying every correction bipolar power
supply of the storage ring one by one and then putting all
the correction bipolar power supplies back to the storage
ring system, the performance of the beam current
observed is found to be better. The beam current quality
in NSRRC is greatly improved.
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INCREASING OUTPUT CURRENT STABILITY OF POWER SUPPLY
WITH COMPONENT REPLACEMENT

Kuo-Bin Liu, Chyi-Shyan Fann and Yuan-Chen Chien
Synchrotron Radiation Research Center
No.101 Hsin-ann Road, Hsinchu Science-based Industrial Park, Hsinchu 30077, Taiwan R.O.C.

Abstract

Quadrupole magnets of storage ring must be served
with power supplies (quadrupole power supplies) with
+/-100 ppm long-term output current stability in
Synchrotron Radiation Research Center (SRRC). Using
power supplies with lower long-term output current
stability could save money but need another control loop
to increase their performance that will increasing the
complexity of circuitry of quadrupole power supply.
Without adding another control loop, some components of
quadrupole power supply are replaced by ones with more
precious and insensitive to temperature variation; so that
the same circuitry structure of quadrupole power supply is
kept without increasing its complexity and could reach
+/-25 ppm long-term output current stability.

1 INTRODUCTION

There are four families of quadrupole magnets at
storage ring of SRRC, and each family of quadrupole
magnets includes twelve quadrupole magnets. In original
operation condition of SRRC, each family of quadrupole
magnet is served with one SCR-type power supply that
with +/-100 ppm long-term output current stability and
these four power supplies were operated well in the
operation period. After insertion devices were installed at
the straight section of storage ring, there are there families
of quadrupole magnets must be separate into six groups
due to there are six sections in storage ring so that the
quantity of power supplies should increase six times but
with six times lower power.

The specification of these eighteen power supplies is
+/-1000 ppm long-term output current stability instead of
the original +/-100 ppm long-term output current stability
because of the shortage of budget, so there must be some
procedure to improve the stability of these eighteen power
supplies to be +100 ppm to meet the specification and let
electron beam to be stored stably at storage ring.

Adding extra control loop formed by personal
computer, HP 36601A DVM, Danfysik ULTRASTAB
866 DCCT[1], VISHAY 5 Q burden resister[2] with
5ppm/°C temperature coefficient and computing algorithm
could meet the +/-100 ppm long-term output current
stability. These eighteen power supplies are controlled
with ATIAO and DIDO interface that is different to the
original interface and this problem could be solved with
installing IEEE-488 interface card into PC to
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communicate with main computer.

Due to communicating speed concern, finally, default
AIAO and DIDO interface is the better way for
Instrument & Control group to integrate and speed up
their control environment so the added control loop with
IEEE-488 based must be removed and +/-1000 ppm
long-term output current stability should be improved to
be +/-100 ppm by another method.

In this experiment, the method used to achieve higher
long-term stability of output current of quadrupole power
supply is to replace original devices of control circuitry of
quadrupole power supply with lower temperature
coefficient components.

There were several devices of control circuitry replaced
and each one of them makes obvious contribution on
long-term output current stability of quadrupole power
supply, so measurement will be demonstrated for any
replacement of device.

2 IMPROVEMENT OF STABILITY BY
ADDING EXTRA CONTROL LOOP

The specification of long-term output current stability
of these eighteen power supplies with AIAO & DIDO
control interface is +/-1000 ppm and figure 1 shows the
actual performance is about 600 ppm that is a little bit
better than the specification.

g 8

H

3

LONGTERM OUTPUT CURRENT STABILITY (ppm )
S g

3 n 3 0
TIME (hours )

Figure 1: Original long-term output current stability

But from the stable operational point of view of storage
ring, 600 ppm long-term output current stability is too
high compared with +/-100 ppm requirement.

After adding extra control loop formed by personal
computer, HP 36601A DVM, Danfysik ULTRASTAB
866 DCCT, VISHAY 5 Q burden resister with Sppm/°C
temperature coefficient and computing algorithm, the
improvement is obvious and figure 2 shows it’s about 100
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ppm that is good enough.
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Figure 2 : Long-term stability of output current
after adding extra control loop

3 IMPROVEMENT OF STABILITY BY
REPLACEING REFERENCE INPUT
STAGE OP AMPLIFIER

Increasing over all control environment speed,
Instrument & Control group requires more fast control
interface for every subsystem, based on this requirement
the control interface of quadrupole power supply is
changed from IEEE-488 to AIAO and DIDO interface,
and this change is just return the control interface of
quadrupole power supply to default one.

With ATAO and DIDO control interface, current
control and read-back are analog signals and there is a
long distance between current control crate and
quadrupole power supply so that ground loop between
these two systems exists. Ground loop at times can be a
source of noise, if the magnitude of noise is too large such
that control circuit of power supply will be affected and
the performance of power supply degrade. The effect of
ground loop can be eliminated or at least minimized by
isolating these two circuitry and isolation can be achieved
by transformer, common mode choke, optical coupler,
balanced circuitry, frequency selective grounding or
isolation amplifier.

There are two current control reference input stages for
quadrupole power supply, remote control state and local
control state. In normal remote control state the only
concern is the long-term output current stability of power
supply. The circuitry used as remote current control
analog input stage is an isolation amplifier
BURR-BROWN ISO120BG[3]. The performance of
isolation of BURR-BROWN ISO120BG is undoubted,
but temperature coefficient of some parameters (include
gain, input offset voltage, ...etc.) seems too large so that
better long-term output current stability is impossible.

Instead of an isolation amplifier, the local reference
input stage of quadrupole power supply is a differential
amplifier composed of four resistors and an AD708(4]
operation amplifier. As stated above, a differential
amplifier is also able to eliminate or minimize the effect
of ground loop. Furthermore, the temperature coefficient
of AD708 is much lower than that of BURR-BROWN
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ISO120BG and the differential amplifier could be used in
the reference input stage of quadrupole power supply by
changing some wiring. Long-term output current stability
quadrupole power supply is improved as figure 3 after
AD708 was introduced. Within 200ppm long-term output
current stability is achieved and improvement is obvious
compared with figure 1.

H g

LONGTERM OUTPUT CURRENT STABRITY { ppm )

3 « s
TIME ( hours )

Figure 3 : Long-term output current stability after
modification of reference input stage

4 IMPROVEMENT OF STABILITY BY
REPLACEING DIRECT CURRENT
CURRENT TRANSDUCER

The original direct current current transducer(DCCT) is
LEM LT 300 — S/SP 9[5], the accuracy of nominal analog
output current is about 500 ppm and this parameter seems
not good enough for power supply to get very good
long-term output current stability because the temperature
inside power supply should rise when power is delivered
to magnet.

The temperature coefficient of secondary compensation
current of Danfysik ULTRASTAB 866 DCCT is 1 pp/
C better than that of nominal analog output current of
LEM LT 300 - S/SP 9, there is so much difference on
temperature coefficient and the replacement of these two
transducers is not difficult that make us believed this
replacement could benefit long-term output current
stability of quadrupole power supply. Figure 4 shows the
result after Danfysik ULTRASTAB 866 DCCT is
installed.

2

bt

Figure 4 : Long-term output current‘sAtabiIity after
replacement of DCCT
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Long-term output current stability is improved
obviously and under 75 ppm that is better than the
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specification we need.

5 IMPROVEMENT OF STABILITY BY
REPLACEING BURDEN RESISTER

No matter what DCCT we used for the feedback loop
of quadrupole power supply, there still need a burden
resistor to be a load for DCCT that output secondary
compensation current in ratio to measured current to get a
voltage value.

The original burden resister is a metal film 1% 10 ohm
resister and it’s temperature coefficient is unknown but
it’s a trial for this resister to be replaced with a VISHAY
5 ohm resister with Sppm/°C temperature coefficient.

Long-term output current stability is under £50 ppm as
shown in figure 5 after VISHAY 5 ohm resister with
Sppnv/ °C temperature coefficient is installed and even
more after about 10 minutes warm-up time 25 ppm is
achieved. ' :

LONGTERM GUTPUT CURRENT STABLITY {ppem
» P

.

g 4 +
ThE (o)

Figure 5 : Long-term output current stability after
burden resistor is replaced

6 CONCLUSION

The long-term output current stability of quadrupole
power supply used at SRRC is improved by utilizing
lower temperature coefficient components to replace
original ones that include reference input stage OP
amplifier, direct current current transducer for current
feedback and burden resister.

All experiments are proceed at full power output of
maximum 250 amperes output current of quadrupole
power supply, this should be the worst case because at
this operational condition temperature ‘inside quadrupole
power supply should rise higher than other lower output
current. There are obvious results show every replacement
of component could contribute improvement on long-term
output current stability and it’s could be said performance
of quadrupole power supply is less sensitive to
temperature variation.

All of improvement procedures are just to replace some
components and do not change the circuitry of quadrupole
power supply that could simplify the maintenance work.
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1400A, +/- 900V PEAK PULSE SWITCH MODE POWER SUPPLIES
FOR SNS INJECTION KICKERS

S. Dewan (DPS), W. Eng (BNL), R. Holmes (IE), R. Lambiase (BNL), K. Rust (SNS),
J. Sandberg (BNL), J. Zeng (UOT)

Abstract

This paper describes simulation and experimental results
for a 1400A, + 900V peak rated, switch mode power
supply for SNS Injection Kicker Magnets. For each
magnet (13 mQ, 160uH), the power supply must supply
controlled pulses at 60 Hz repetition rate. The pulse
current must rise from zero to maximum in less than 1
millisec in a controlled manner, flat top for up to 2
millisec, and should fall in a controlled manner to less
than 4A within 500us. The low current performance
during fall time is the biggest challenge in this power
supply. The simulation results show that to meet the
controlled fall of the current and the current ripple
requirements, voltage loop bandwidth of at least 10 kHz
and switching frequency of at least 100 kHz are required.
To achieve high power high frequency switching with
IGBT switches, a series connected topology with three
phase shifted (0°, 60° & 120°) converters each with 40
kHz switching frequency (IGBT at 20kHz), has been
achieved. In this paper, the circuit topology, relevant
system specifications and experimenta} results that meet
the requirements of the power supply are described in
detail. A unique six pulse SCR rectifier circuit with
capacitor storage has been implemented to achieve
minimum pulse width to meet required performance
during current fall time below 50A due to the VEry narrow
pulse width and non-linearity from IGBT tum-on/off
times. : . '-

INTRODUCTION

This paper deals with the description, experimental and
simulation results of the '1,400A, +900V switch mode
converter with six pulse SCR rectifier circuit and storage
capacitors. In section 2, the basic converter topology
including system parameters is described. The relevant
specifications are outlined in section 3. The simulation
results are outlined in section 4. In section 5, the
experimental results show good agreement between
experimental and simulation results both at low and high
current values. Section 6 discusses the major conclusions
of this research. -

BASIC CONVERTER SYSTEM

Figure 1 shows the essential elements of the two-
quadrant switch mode converter system. For the function
of components with lighter lines, refer to reference 1 for
details.

All the essential circuit parameters on Fig.1 are the
same as reference 1. Additional components added to

0-7803-7738-9/03/$17.00 © 2003 IEEE 710

improve low current performance are shown in thicker
lines in Fig.1. The function and parameter values of these
additional components are as follows;

* DC storage capacitor Cs to provide essentially a
DC source of approximately 60V with low ripple to
keep minimum pulse width in the IGBT switching

v modules. The value of Cs is 1.64F,

¢ DC filter choke La (30uH) to reduce the 360 Hz
ripple in the six pulse rectifier

* Six pulse SCR rectifier (SCRs, QI to Q6) that
operates in the inverting region at delay angle
a=135°,

* Anisolating transformer LRT (460:58V) to isolate
the load from the 3 phase input

SYSTEM SPECIFICATIONS

This section identifies the significant performance
requirements/results for input and output of the pulse
converter.

Input
Voltage RMS 460V, +10%, -5%
Current RMS 50A
Output
DC Voltage 0 to 900V, 0 to 900V
DC Current 0 to 1,400A max. Pulsed
(400Arms equivalent)
Pulse Repetition
Frequency 60Hz
Switching Frequency  108kHz
Large Signal Current
Response > 2kHz at 45° Shift at 1.4kA
Load Current Tracking See Figure 2
Tracking Error 0.1%
Load Current Fall time < 0.5msec. from 1.4kA to 4A
Current Stability
In Flat Top <0.1% (1.4A)
Magnet Load L=160uH, R=0.013Q
Note:

1.  The linear rise plus the flat top of the current
reference waveform varies from 2 to 3 ms and
since fall varies from 280 us to 1 ms, the worst
case pulse width is 4 ms.

2. The fall time for the reference is 280 us and
the load current falls to less than 4A in less
than 500 ps. Any overshoot on the current
waveform shall settle in less than 300 ps.

~
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Figure 1 Basic 1,400A, 900V Converter System with Energy Storage Capacitor CS and Six Pulse SCR Rectifier

IR — angle 0~=135°). The steady state DC storage capacitor
freeeens e voltage (Vs) is 65V with 0.5V peak to peak ripple at
pulsing frequency of 60 Hz.

“ // : ll‘
/
A
Fig.2 Output current (100A/V) and required output N
current feedback (100A/V), according to system LA
specifications o S : L
SIMULATION RESULTS

Figure 3 output current i, (500A/div), and output
This section provides the following simulation results voltage v,(500V/div) for rated value of i,
(in addition to the simulation results in reference 1):
1. Figure 3 shows output current ,, and output voltage
(v,) for rated value of i,
ii. Figure 4 shows energy storage capacitor current
(ics) and output current io for rated value of io
ili. Figure 5 shows filter inductor (La) current (i,) and
six pulse rectifier voltage (v,,) for rated value of io
iv. Figure 6 shows output current i,, and output voltage
(v,) for i, near zero for rated value of io ' :
These results meet the required critical specification
close to zero output current. These results'show how a
minimum DC voltage is introduced in the circuit that
absorbs and acts as a DC battery source. A storage
capacitor CS only absorbs AC current, DC current (i,,)
returns the active DC power to the ac source due to
inverter region operation of the six pulse bridge (delay

Figure 4 Energy storage capacitor current 7. (S00A/div)
and output current i, (500A/div) for rated value of i,
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Figure 5 Filter inductor La current il.(100A/div) and six
pulse rectifier voltage v,(100V/div) for rated value of iy

Figure 9 Output voltage of SCR rectifier v, (25V/div) and
filter inductor current i, (250A/div

wx)

el

. N

I o~

o Y

n

BOps ms chit

Figure 6 Output current , (5A/div), and output v

Figure 10 Outpu current i, (4A/div), a output voltage
Vo(200V/div) for i, near zero for rated value of iy

Vo(100V/div) for i, near zero for rated value of iy

EXPERIMENTAL RESULTS

Experimental results shown in figures 7 to 10 are in CONCLUSIONS

close agreement with simulated results in figures 3 to 6. This paper has discussed the features and results of a

high power amplifier. The desired rise, flat top and fall
time current results were achieved for pulse magnet
current from 1,400A to 4A. The main problems are:

1). The peak to peak ripple current at flat top is about
4A (required is 1.4A)

2). The cument tracking between two similar units
should be better than 0.5%. A great deal of simulation
work is needed to establish the most sensitive parameters
that affect current tracking, Also means must be identified
to correct for practical variations in load parameters.

2 S e Further modification to the converter circuit and
Figure 7 Output voltage v, (100V/div) and output controls to achieve desired ripple and tracking current
current i, (400A/div) performance will be presented in a subsequent paper. For

any question, please contact

Shashi Dewan (dewandps@aol.com)
Bob Holmes (iepower@iepower.com)
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FLUKA SIMULATIONS OF THE LOSS OF THE STORED ELECTRON
BEAM AT BESSY *

K. Ott f, BESSY, Albert - Einstein - Str. 15, 12489 Berlin, Germany

Abstract

The synchrotron light source BESSY consists of a 50
MeV microtron, a full energy synchrotron and a 1.9 GeV
storage ring. At synchrotron light sources the accidental
loss of the stored beam can occur several times a year. This
could mean a considerable risk for the users because of the
bremsstrahlung flash coming through the open beamshut-
ters. This is to our knowledge the first time, that this
occurences are discussed in detail for synchrotron light
sources. We used the particle interaction and transport code
FLUKA for the calculations in different scenarios. We
present here additional radiation safety measures based on
the FLUKA results that decrease the possible personal dose
from those beam losses below 1 mSv/year. Comparisons of
the FLUKA results with semi - empiric formulas for radia-
tion through lateral shielding are presented too.

INTRODUCTION

The storage ring BESSY Il is in operation since 1998 and
since 1999 used for a regular scientific program with syn-
chrotron radiation. It has an extended double bend achro-
mat lattice with a 16-fold symmetry. Up to 14 straight
sections are suited for the installation for wigglers, undu-
lators and wave length shifters (WLS). Two sections are
used for the rf system and the injection septum. The full
energy booster (1.9 GeV) operates in 10 Hz and is used
asynchronously to fill the storage ring with bunch trains of
300 nsec. The short injection periods (< 2 min and 3 to 5
times a day) are crucial for the annual radiation dose out-
side the shielding wall. ‘

The electron losses at the vacuum system causes 7 - ra-
diation, giant - resonance neutrons quasi - deuteron fission
neutrons and neutrons from photo - pion production. (The
maximum of the energy spectrum of both ~ and neutron
radiation is at about 1 MeV).

In every beam line angle at the closest transversal dis-
tance to the machine a stationary - und neutron measure-
ment system is installed outside the shielding wall in the
experimental hall. The detectors are a ionisation chamber
and a BF; counter and are sufficient to measure the pulsed
< and neutron radiation during injection without loss of in-
formation. The measurement period is dependent of the
dose rate and can be reduced down to 1 sec automatically.
The data are accumulated by a PC every minute.

The measurement system is in operation since 1998 and
we found values between of 0.8 - 1.2 mSv/year at the sec-
tions 2 - 15 and 3.8 (1998) - 2.2 mSv/year (2002) at the

*funded by the Bundesministerium fiir Bildung, Wissenschaft,
Forschung und Technologie and by the Land Berlin
T Email: ott@bessy.de
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injection septum (section 1) with falling tendency because
the machine test periods have been reduced. The values in-
clude the natural annual dose which is 0.6 mSv/a in Berlin.

The synchrotron radiation has a critcal energy of 2.5
keV (dipols), 2 keV (wigglers) and 1 keV (undulators),
so it is completely absorbed in the vacuum system with 2
mm stainless steel. The critical energy at WLS beamlines
rises up to 10 keV, so at these beamlines are located within
hutches with a lead screening up to 5 mm.

At the ID beamlines the 8 m gas target of the
straight section causes in forward direction 300 mSv/h gas
bremsstrahlung at 10~7 Pa and 1.7 GeV in a cone with an
angle of 0.6 mrad (2/v). At ID beamlines with a mirror
chamber this radiation is absorbed with 30 cm Pb in for-
ward direction. ID beamlines without a mirror chamber are
secured by a personal interlock system.

So from the considered contributions to the personal
dose the limit of 1 mSv/a for non - radiation workers is
hold in the experimental hall.

What we discuss now is the contribution of the acciden-
tal loss of the stored beam with opened beamshutters which
occurs about 50 times a year at BESSY.

ACCIDENTAL BEAM LOSSES

At BESSY the electrons lose 170 keV per cycle within
the convolution time of 840 nsec which is 10™4 of the nom-
inal energy of the storage ring. Dependent of tune and chro-
maticity the storage ring accept electrons within max. 5 %
of the nominal energy. That means that the electrons will
be outside the dynamical aperture within 500 cycles or 0.4
msec if the 1f system is switched off by a failure function
or by an interlock circuit.

Beam losses are also caused by failures of power sup-
plies or the control system. If the power supply circuit of
the main ring dipoles is switched off, it lasts 700 msec (RL
circuit) until the current is zero.

From

B(s0)
' 2tan Q) &

and Q, = 17.8,Q, = 6.7 7% = 17m, By** = 20m
one gets the orbit change x where the distortion kick 8 oc-
curs. So in the horizontal and vertical direction a kick at a
high $ location of approximately 1 mrad is necessary for
an orbit change of 10 mm, which is usual sufficient for a
beam dump.

So if we compare this with the deflection angle of a
BESSY dipole of 196 mrad, we can estimate, that a beam
loss will occure within 3.6/32 msec if the power supply
of the 32 main dipoles is switched off. (The dipoles are

.’IZ(SQ) =0
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located at places where the horizontal 3, function is max-
imal). This means too, that the primary particles cannot
reach the experimental hall through a 0° insertion device
beam line because at the time of the beam loss almost
the complete magnetic field of the dipoles still deflects the
electrons.

For beam losses caused by failures of the power supply
or control system of other magnets (steerer, quadrupoles,
sextupoles) we can estimate the time until the beam is lost
< 1 msec with similar arguments.

In the average the electrons are lost by crossing the vac-
uum chamber at places where the 8 - function is large and
/ or the aperture is small around the ring.

If we consider the annual dose, we can assume that the
annual electron losses are divided around the ring. Butfora
single event one cannot make this approximation. Because
it is impossible to give a limit of electron losses at a given
straight section or other place in an electron storage ring
due to a single beam dump, we consider the situation con-
servativly and assume, that at a single event all electrons
are lost at one place as a point source.

FLUKA SIMULATIONS

The conisequences of a beam loss with open beam shut-
ters has to be investigated with a Monte Carlo program {1]
because the intensity of the resulting radiation field in the
experimental hall has to be known as a function of the area.
Semi - empirical formulas e.g for labyrinths are not appli-
cable for these calculations.

At the BESSY beamline angles we have three openings
for beam lines at 0° from insertion devices, 4° and 6.7°
from the first dipol. The shielding wall in forward direction
at the beamline angles consist of a 5 cm lead screen (beam
height + 20 cm) and 1 m heavy concrete.

There is also the possibility of using a 2° beamline of
the second dipole, but this occurs up to now at only two
sections. The beamline from the second dipole has to pass
through the side shielding wall with a length of 8 m, so the
risks of the accidental beam losses are far less because of
collimating effect. We focus in the following on the situa-
tion in forward direction at the beamline angle.

Because of the correct inclusion of collimating and stray
radiation effects, we use real beamline geometries with col-
limators and variabel cross sections at both dipole and in-
sertion device beamlines. From the beam line types used
at BESSY we used that with the largest aperture for the
FLUKA calculations. The origin of the diagrams is located
at the end of the straight section (at the beginning of dipole
1). The dipoles are not included, but can be localized as
gaps between the machine beamline pieces.

Neutron doses caused by the accidental beam losses in
forward direction are more than an order of magnitude

lower than the ~ doses and not considered in the follow-
ing.
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Scenarios

The most important scenario (see fig. 1) is the calculation
of the electron - photon cascade in forward direction along
the 0° beamline which passes through the first dipole too.
We use here a 2.0 cm thick (radius 2.5 cm) target on which
the electron beam (10'2e~ of 1.7 GeV) hits at normal in-
cident. Such a scenario can occure if the electron beam
hits the vacuum chamber (d = 2 mm) of the first dipol at
half of the deflection angle, a thin hindrance in the vacuum
tube or a misaligned insertion device vacuum chamber in
combination with a wrong four magnet bump.

This scenario is conservative because the target has ap-
proximately the thickness of the radiation length of iron
(1.8 cm), that means two thirds of the energy can pass
through the dipol as bremsstrahlung flash and the target is
thin enough, so that it has no self absorption. These thick-
ness was used also by Ferrari et al. [4] to maximize the
bremstrahlung in forward direction. ;

At the 0° beamline we use a steel box with a 15 cm thick
piece of silicon to modelize the mirror chamber. The ab-
sorber for the bremsstrahlung is of lead (30 cm) within a
lead wall (10 cm) to absorb stray radiation. On the left and
right hand side of the bremsstrahlung absorber are two lead
stripes (thickness 5 cm, length 30 cm, height 10 cm) per-
pendicular to the stray aborber and parallel to the beamline.
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Figure 1: ¢ = 0%y radiation, dose in Sv/ dump (10'2 elec-
trons)

The source term of the  radiation for a target in forward
direction was investigated by several authors {2], [3], [4]
but their results differ at almost two orders of magnitude.
One reason of this is that the detector or the binning ge-
ometry does not match with the small angle cone 2/7y) in
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which the bremsstrahlung is emmitted. Therefore small de-
tectors has to be used to investigate the geometrical spread
of this type of radiation. But this decreases the statistics
or increases the computing time. Another reason is that
so called thick targets are used, whose self absorption in
forward direction is considerable. In the case of thin un-
shielded targets the correct inclusion of the low energy part
of the electron - photon cascade and the correct inclusion
of 3 doses at close distances seems questionable.

To compare our calculations we use therefore the pa-
per of Dinter et al [S], who investigated the dose behind
beam absorber in forward direction. This geometry cor-
respond with the situation at the 0° beamline behind the
30 cm lead bremsstrahlung absorber. With E = 1.7 GeV
and 10'? electrons we get from [5] for dose behind this
absorber 20 pSv/dump. This is close to our value of 8.5
pSv/dump. If we include our 2 em iron target in the for-
mula of Dinter et al. [S] (with good accuracy as copper,
because no iron attenuation coefficient was given), we get
10.5 p/dump which is in good agreement with our value.

As the next scenario (see fig. 2) we consider the electron
beam hitting the vacuum chamber of stainless steel with
d = 2 mm at an angle of ¢ = 2° between dipole 1 and
dipole 2. This results in effective thickness of 5.7 cm is
sufficient for the electron - photon cascade to develop and
it has no transverse self absorption. The dump doses > 300
#Sv/dump are located in a transversal distance < 0.5m of
the dipole beamlines in the experimental hall. At the end of
the dipole beamlines is a beamstop located with 10 cm lead
thickness. At these place the mirror chamber of the dipole
beamline is located in the reality too.
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Figure 2: ¢ = 2%y radiation, dose in Sv/dump (102 elec-
trons)
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As last scenario we set the point source behind dipol 2.
As scenario parameters we use again the hitting angle ¢ =
20, target material iron, thickness d = 2 mm, d, #f = 5.7
cm or 3.3 radiation lengths.

The three openings of the beamlines are screened by a
lead stripe with the length of 4 m, thickness 5 cm and height
of 10 cm within the storage ring tunnel.

So from accidental beam losses downstream of dipole 2
the radiation field does not exceed 0.3 mSv/dump.

RESULTING SAFETY MEASURES

We decided, to divide the experimental hall in a large
area where the annual personal dose is < 1 mSv/a and six-
teen small control areas, which are accessible for BESSY
staff only.

The borderlines of the 16 control areas are defined by the
following criterions: a) The dose for a single beam dump
has to be < 1 mSv/dump for the worst case scenario at
the border of the control area. b) The annual dose of all
beam dumps has to be lower than 1 mSv/section if the 50
dumps/year are divided to all 16 sections equally at the bor-
der of the control area.

From a) and b) results the maximum dump dose in the
border of the control area as < 0.3 mSv/dump. Accord-
ing to this dose limit a fence was installed from the corner
of the shielding wall to the lead screen. This lead screen
against stray radiation was broadened to the left side. From
the right edge of this lead screen the fence was installed 2
m parallel to the shielding wall. The enclosure of the area
was completed by installing a door between the right dipol
beamline and the shielding wall.

In the few cases where the 0° wiggler/undulator beam-
line has no mirror chamber (or the mirror chamber is far
downstream) the complete beamline is surrounded by a
fence. In the case of wave length shifter beamlines the
complete beamline is enclosed in a hutch, so no further in-
stallations are necessary.
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THE SHIELDING DESIGN OF THE METROLOGY LIGHT SOURCE *

K.Ottf, BESSY, Albert - Einstein - Str. 15, 12489 Berlin, Germany

Abstract

MLS will consist of a 100 MeV microtron and a 600
MeV electron storage ring. The investigations of the ra-
diation types occuring at those machines dependent of the
electron energy, target and shielding materials, observat-
ing angles and geometric aspects are well established, often
condensed in semi - empiric formulas and in good agree-
ment with the results of Monte Carlo codes like FLUKA
for lateral shielding. But as important as the pure physical
aspects of radiation are for a shielding design the operating
times and modes and the considerations of possible crash
scenarios. We present here an approach of considering fail-
ure operating probabilities at electron storage rings based
on years of radiation and operating observations of BESSY
I.and BESSY II for the shielding design of MLS. Compar-
isons of FLUKA calculations with the used semi - empiric
formulas are presented too. -

" INTRODUCTION

The Physikalisch - Technische Bundesanstalt (PTB)
needs a low energy storage ring as primary radiation nor-
mal for photon energies in a spectral range from ultraviolet
to extreme ultraviolet to accomplish her tasks as a govern-
mental metrologic institution. The optimal technical so-
lution is to build a low energy compact storage ring with
an electron energy from 200 MeV to 600 MeV close to
BESSY I in Berlin - Adlershof. The concept was devel-
oped in cooperation with BESSY {1]. S

The preinjector will be a 100 MeV race track microtron,
the acceleration to max. 600 MeV is resolved in the storage
ring through ramping. Microtron and storage ring will be
located in two different bunkers; so access to the microtron
is possible during operation of thé' storage ring for i.e. at-
tendance work. Access to the storage ring during operation
of the microtron is mot necessary. '

The guidelines given by the EURATOM are now law n
the most member states of the European Community and
since 2001 in Germany.  The most important change was
the decrease of the personal dose limit for non radiation
workers from 5 mSv/a to 1 mSv/a.

We decided to hold this limit within the experimental
hall (surveillance area). The local dose limit for the general
area (outside the buildung) are unchanged and 0.3 mSv/a
for the indirect radiation, 1 mSv/a for direct radiation. The
two bunkers are restricted area during operation because
the dose rate limit respective to the german law of H >
3mSv /h can be exceeded.

*funded by the Bundesministerium fiir Bildung, Wissenschaft,
Forschung und Technologie and by the Land Berlin
 Email: ont@bessy.de
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34m

40m
Figure 1: MLS view; the infrared experiment(8) is located on the
roof; shielding black: heavy concrete, blue-green normal concrete

The roof of storage ring and micotron bunker is used for
technical installations and so should be as accessible as the
experimental hall with similar doses.

MACHINE PARAMETERS

The storage ring has a rectangular shape with four
straight sections with pairwise different length. The two
short straight sections are used for the rf and the injection
septum, the two longer sections offer place for two undula-
tors.

Microtron
Table 1: Microtron parameters
Maximum energy: 100 MeV
Number of cycles: 19
AE/ cycle: 53 MeV
Pulse current : 10 mA
Rf frequency : 2.9986 GHz
Pulse length : 100 nsec - 1 usec
Max. rep. rate : 10 Hz
Energy spread : 0.1 MeV
Emitance : _ 0.1 mm mrad
Dipole field : 1137

Such microtrons are used at the storage rings MAX I in
Lund, Sweden and at ASTRID in Aarhus, Denmark. Both
microtrons are identical and are offered now by Danfysik
A/S commercially.
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Storage ring

Table 2: Storage ring parameters

Injection energy : 100 MeV
Energy : 200 - 600 MeV
Current : 1 electron - 200 mA
Max. Current / bunch : 3.3 mA /bunch
Energy loss / cycle : 7.53 keV / cycle
Circumference : 48 m
Straight sections : 2x6m,2x225m
Natural emitance : 85 nmrad
Number of dipoles : 8
Max. dipole field : 13T

At 100 MeV the transversal damping times of the beta-
tron oscillations during the injection are about 5 sec. There-
fore a classical injection scheme would require an injection
repetition rate of 0.2 Hz. M. Erikson developed at MAX 1
a different injection scheme using transversal stacking [2]
which will be used at MLS too. With this injection method
the repetiton rate is 10 Hz and the max. current of 200 mA
is injected within 30 sec as optimal case as it is possible at
MAX 1. The 10 Hz injection scheme increases the electron
losses considerable.

OPERATING OF MLS

For shielding design purposes, one has to distinguish be-
tween two cases of storage ring (synchrotron) operation:

a) The machine is used just to inject and produce syn-
chrotron radiation (user mode).

b) The machine is used for machine tests, machine ex-
periments and some phases of the commissioning (machine
test mode).

The two modes differ considerable in electron losses and
crash probabilities:

Table 3: Operating times,modes a: user, b: machine tests

Mode a b
Weeks of operating / year 40 12
Injections / day 5 10
Injections / year 1200 600
Operating of the microtron / injection [m] <10 <20
Operating of the microtron / year [h] 200 200

ELECTRON LOSSES

The losses during acceleration in the microtron we esti-
mate from respective numbers of the BESSY microtron as
70 %. These losses occure during the first cycles at lower
energies, so we assume the energy of the losses as 15 MeV.
The electrons leave the microtron after 19 cycles with the
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energy of 100 MeV. The electron losses during ramping are
neglectable < 10~* in comparison with the losses during
injection and are not considered further.

Electron losses occur in the transferline between mi-
crotron and storage ring with a percentage of approxi-
mately 10 % which we divide at one half in the microtron
bunker and the other half in the storage ring bunker. The
pulse length is 150 nsec and shorter than the revolution time
of the electrons in the storage ring of 160 nsec so the injec-
tion is conducted as single turn injection. The storage ring
is operated with the rf frequency of 500 MHz, and the mi-
crotron with 3 GHz. The electron losses due to the rebunch-
ing in the storage ring are typically 50 %. The main cause
of electron losses in the storage ring is the inefficiency of
the injection according to the transversal stacking. From
the minimum injection time of 30 sec one can estimate that
the total electron losses in the storage ring are 98.7 %. The
electron losses in the storage ring are divided in the relation
4:6 between injection septum and four point sources.

FAILURE HANDLING

The electron losses presented in the previous section are
the optimal case, the total losses the worst case. To prog-
nosticate the annual dose, we have to estimate, how often
per year the electron losses during injection are higher than
the optimal case and how large the ammount of these in-
creased losses is. We use an approach which has proved
to be very successful for the prediction of annual doses at
BESSY II [3].

We define Pyy as the failure function probability for the
user mode, Py for the machine test mode and ¢,,,, is the
operation time of the microtron with 200 h/a for user op-
eration and machine tests respective. We get then expres-
sions for the effective annual operating times of the ma-
chine component i (transferline 1 and 2, septum, point
sources storage ring) for both normal and crash operation
for user and machine test mode.

i

t?ormal = tmaz * H(l - PU/M) ®
k=1
i-1
7% = tmas - Pusm - H(l — Pym) - )
k=1

The probabilites Py and Py, we get from the compari-
son of the minimum injection time with the respective an-
nual average injection times [2]. One of the reasons of the
accuracy of this approach compared with the usual arbi-
trary estimates of the duration of crash szenarios is the fact,
that electron storage rings are never operated optimized to
minimum injection times. This is because injection times
are usual short and the requirements of the users in respect
of i.e. orbit accuracy and stability have priority.
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PHYSICAL ASPECTS

The main contribution of the radiation doses at electron
storage rings causes from the electron losses during the
short injection periods. When electrons hit under small an-
gles the vacuum system bremsstrahlung is produced. This
bremsstrahlung causes electron positron pair production
and therefore an electron photon cascade with a maximum
energy at about 1 MeV [6]. The bremsstrahlung also causes
with (-y,n) processes giant resonance neutrons and fast neu-
trons with quasi deuteron fission. The threshold energy for
the photo - pion process is 150 MeV, so this process is ne-
glectable for this consideration. The energy spectrum of the
giant resonance neutrons is mainly determined by the ma-
terial of the target (vacuum system) and in the case of steel
(iron) it is similar to the Cf spectrum with a maximum at
1 MeV [5]. The cross - section for the quasi deuteron fis-
sion is an order of magnitude lower than that of the giant
resonance neutron production. To calculate the effective
cross ~ section for the production of the quasi - deuteron fis-
sion spectrum one has to fold the respective energy depen-
dent cross section with the spectrum of the bremsstrahlung.
Hence the spectrum of neutrons is strongly increased at
energies around few MeV. Even we take into account the
lower attenuation coefficients for the quasi deuteron fission
neutrons and concrete, the contribution of them to the total
neutron dose is lower than 5 % outside the shielding wall
for this machine. So we can restrict our consideration of
neutrons to giant resonance neutrons with good accuracy.

For calculation of the dose behind lateral shielding we
used for the acceleration losses within the microtron the
paper of Swanson [4]. For the electron - photon cascade of
the accelerated electrons we used the paper of [6] for 90°
([7] for 0°) observation angle because the authors investi-
gated the behavior'of an electron beam hitting a vacuum
chamber which is the worst case in transversal direction.
Other authors used so called optimal th1ck targets which
used to be thick also in tranversal direction which causes
considerable self absorptlon Because the lowest energy in
[6] is 150 MeV we checked the applicability of the given
semi - empirical formulas by 6] at 100 MeV which are
based on EGS4 calculations with FLUKA [8]. As energy
cuts we used 500 keV for charged particles and 10 keV for
photons. '

We investigated the source- term H 4 behind 75g/cm?
normal concrete in 1 m distance at the observating angle
0 = 90° As target we used.an iron plate 2 mm thick,
hitting angle ¢ = 2°, with an effective thickness of 5.7
cm. The radiation length is 1.7 cim, so the electron - photon
cascade could develope.

E [23
Hy =Ha - (E—0> 3

with Ha; at 1 GeV, Ein GeV, Ep = 1 GeV.

From the fit we get H4; = 2.037-10™"Sv /e~ and o=
0.924. At 100 MeV this is within a factor 1.3 of the extrap-
olation of [6] but we get a stronger energy dependence.
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Figure 2: 90°y radiation, iron, ¢ = 2° d=2mm, degsy =

5.7 cm, source term H 4 behind 75g/cm? concrete, dose in Sv/

primary electron

RESULTS

The outer wall of the storage ring is dimensioned 1 m
normal concrete and at the beamline angles and the forward
direction at quadrants 1 und 4 with 1 m heavy concrete and
2 10 cm lead stripe (beam height 3- 20 cm). The outer wall
of the microtron is dimensioned 1 m heavy concrete. The
roofs of both storage ring and microtron are 1 m thick. The
roofs are of heavy concrete.

Table 4: Storage ring, point source transversal outside

vy - Hy 5.30e —04 Svh vy - Hg 2.14e — 06  Sva
- Hy 2.14e ~ 05 Svia '7 - H%\/! 1.07e — 05 Svia
ot 2.16e — 03 Svh § g 8.74¢ — 06  Svh

v — HPt 9.74e — 05  Sva v — HLO 6.63¢ — 05 Sva
gianty — H1 2.86e — 02 Svh gzantn - HS 1.10e - 05 Svi
gianty -~ y 1.10e - 04 Svia gianty — 94- 5.51e - 05 Svia
gianty — %0‘ 1.17¢ — 01  Svh  gianty — t 4.48e—05  Svm

ot

gianty — 4.99¢ — 04 Svia gianty — HN?t 3.40e — 04 Svia

The complete calculated annual local dose is 1.20 mSv/a
transversal behind normal concrete and 0.4 mSv/a in for-
ward direction at the beamline angles behind heavy con-
crete.
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FURTHER EXPERIENCE WITH SLC PERMANENT MAGNETIC (PM)
MULTIPOLES

James Spencer, Stan Mao, SLAC MMG* and Cherrill Spencer, SLAC, Menlo Park, CA 94025, USA

Abstract

PM multipoles have been used in the SLAC damping
rings (DR) and their injection and extraction lines since
1985. Due to upgrades of the DR vacuum chambers for
higher currents in 1993, there was an opportunity to check
some of these magnets[1]. Nothing more was done until a
program of real-time radiation measurements was begun in
the electron ring to determine causes, levels and effects of
integrated gamma and neutron doses on the strengths and
harmonic contents for NLC purposes. We discuss results of
the latest magnetic measurements, radiation measurement
program, semiconductor dosimeters and a few unexpected
but interesting conclusions.

INTRODUCTION

PM devices have many current and potential applications
based on advantages in size, cost and simplicity e.g. they
are self sustaining in the sense that they require no power,
water cooling or control electronics for many applications.
They do suffer from uncertainties related to environmental
and damage effects. In the NLC, PM multipoles, solenoids,
undulators and wigglers could have important uses if the
limits of their stability to different kinds of high radiation
environments could be established. We are revisiting this
because future colliders imply beams with unprecedented
energy densities, containment and damage problems. Fur-
ther, the SLC DRs appear to be an ideal place to pursue
such studies. As with most radiation measurements at such
facilities, they are seldom real-time but only sweeps made
after the beams go off for personnel entry and protection
purposes. In contrast, we have been obtaining real-time
measurements of the main radiation components around
the ring i.e. the integrated dose of neutrons and gammas
(n& ).

Background

In 1985, it was difficult to justify using PM multipoles or
any PM device in a storage ring. There were few radiation
damage (RD) studies[2] and they weren’t relevant. Fur-
ther, there were few vendors and fewer reliable measure-
ments of easy axis characteristics. However, because there
was no alternative, 144 sextupoles were made and installed
in the e* DRs for chromaticity correction as well as sev-
eral quadrupoles for the injection and extraction lines[3].
In both cases, compactness was the essential ingredient.
In 1993, 21 of the 144 sextupoles were replaced - mostly
downstream of the injection kickers and in the electron ring
either because their thermal stabilization temperatures of

* SLAC’s Magnetic Measurements Group is headed by Zachary Wolf.
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80° C had been exceeded or because they showed serious
mechanical deformation or high radiation levels (in some
cases >1 R/hr on contact). These magnets were studied in
various ways[1] and then stored. Several have been used
for other purposes but not one PM magnet has ever caused
loss of the beams or had to be replaced.

Current Situation

In 2002, one of the original sextupoles that had been
in the ring for 17 years was removed, remeasured and re-
placed by one that had been stored in 1993 after it had also
been remeasured. We then added two radiation detectors

‘on the top and side of this magnet for remote monitoring.

At the same time, we continued to monitor dose at other
locations in the DR to understand the sources of damage.
To our knowledge, no one has done real-time monitoring
to ascertain the actual causes of beam loss and to correlate
these with radiation damage to determine the actual or po-
tential limits based on possible corrective measures. Like-
wise, no one has attempted to monitor all sources of radia-
tion damage simultaneously i.e. n and -y in this case. Thus,
the advantage of this work over others at this conference[4]
is that it provides a more practical working test for NLC
magnets in the SLC working environment so that it can be
scaled to NLC and also provide guidance for the NLC de-
sign. In this respect, it is different but complementary and
is, we believe, necessary because it uses real PM magnets
with their range of load lines in a mixed, broad band radi-
ation field that is impossible to simulate without artificial
assumptions that make calculations practicable. -

EXPECTED RADIATION DOSES

In electron and positron accelerators, damage depends
on the materials, the location and the beam energy. At
< 10 MeV or so, the damage comes predominantly from.
ionization and atomic excitation regardless of whether the
beams are leptons or hadrons[4]. This is true when lep-
ton energies E¥< E, — the critical energy for the mate-
rial. In high energy lepton rings, radiative effects dominate.
These come from synchrotron radiation, bremsstrahlung
and bremsstrahlung produced photoneutrons via the (7y,n)
giant resonances that typically occur above E,>10 MeV
for any element. Analogously, hadronic resonances occur
for £, >200 MeV. The main questions, of course, are what
are the most damaging sources, where do they come from
and how to eliminate them. Ref. [4] reviews the situation
and shows that dose measurements alone do not determine
RD. The difficulties of measuring neutrons makes it easy to
ignore this source even though orders of magnitude more
damaging per gray than electrons or photons.
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DOSIMETERS

One needs only to look at a neutron damage vs neutron
energy plot[5] to appreciate the difficulty of such measure-
ments and why the convention of referencing damage to
1 MeV equivalent energy has gained general acceptance.
Nonetheless, the same inspection shows why it is highly
desirable to obtain spectral data to determine the source
and its correction. This is difficult and seldom done. Even
in the case of PM studies, it is rarely done except in the
form of a post-mortem activation analysis[1]. Similarly,
thermal neutron studies have not been done even though
B, Co, Nd and Sm have isotopes with large capture Cross
sections. Various techniques have been used - especially
on the assumption that photons are the primary damage
source. From this line of reasoning, one eliminates the
need for neutron or electron beam loss measurements since
the photons are “collimated” around the beam direction.
Optical absorption dosimeters are then'a common choice
based on color changes that do not distinguish between ~s
or neutrons. While these can cover ranges up to 30 kGy(Si),
their neutron responses are typically 50 % of their photon
response[6] so they are not interesting for our use. Semi-
conductor devices are enjoying increased use since they
are compact and easily read out -and because there is a
correlation between RD in semiconductor devices arid the
displacement damage in bulk silicon. Thus, devices such
as bipolar transistors and PIN diodes whose operation de-
pends on volume mechanisms can be expected to provide
measures of neutron flux while ones such as MOSFETS that
are governed by surface effects should be more sensitive to
ionizing radiation e.g. gain degradation in either case. One
expects the MOSFET to be the more sensitive[5] and less
temperature dependent. B
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Figure 1: Some measurements of neutron dose in the SL.C
electron DR in terms of PIN voltage vs time in minutes.

One of many PIN diode[7] data samples at locations
around the ring is shown in Fig. 1. Concurrent data for
7’s was taken at these same locations with MOSFETS[7].
Fig. 2 shows the relative sensitivity of such detectors for the
PuBe source of fast neutrons with I,,/L,> 4 located outside
of the DR vault. Gaps in the data indicate beam turn-off or
loss of readout hardware.
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RADIATION MEASUREMENTS

The variations in Fig. 1 run from no observable damage
at levels of 1 mGy up to saturation at ~4 kGy or 25 Volts.
The origin shows the values before beam turn-on with all
detectors at 2.25 4 0.02 V. The sensor varying linearly is
the PuBe source. Detector N#4 was on top of a 1-in beam
pipe downstream of the first dipole B560 after the extrac-
tion septum and in front of sextupole SF608. N#1 was at
the exit crotch of the septum and N#2 was > 2 m above
this area. There is a small rise during turn-on and tune-up
with the abrupt rise to saturation on N#4 over ~2 weeks
indicating an average neutron dose rate of >10 Gy/hr.
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Figure 2: Simultaneous PIN & MOSFET measurements
corresponding to the PuBe source data shown in Fig. 1.

High and low sensitivity 7 sensors allow measurements
up to ~1 kGy and ~30 kGy in Fig. 2. All sensors are
nonlinear. The Hi Gam sensor is somewhat sensitive to
neutrons and needs correction for optimal accuracy while
the PIN sensor is more temperature sensitive. Both types
need to have additional temperature readouts or corrections
made. N#4 saturated well before Lo-Gam#4 and after Hi-
Gam#4 indicating the sextupoles see significant, relative
fast neutron flux.
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Figure 3: MOSFET data during the latest run cycle

Beam turn-on after unscheduled shutdowns often show
significantly higher dose/damage rates in contrast to those
that are well done as shown by the flat lines in Fig’s. 3-4
where the first large gap defines the Christmas shutdown.
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However, unscheduled outages that cause loss of beam and
subsequent turn-on problems are not the worst cause of RD.
From 1997-2001 there were 18 such failures per DR due to
conventional magnet systems with 2 mean time to repair
of ~14 hours. These are hardly visible. Of more interest,
are the two regions with steep slopes that lasted for 2 and
3 weeks. In the first, there were vacuum and septa prob-
lems, thunder related power outages and a push to obtain
luminosity. The second was due to a water leak with one
DR quad spraying another. Because this did not turn beams
off it took nearly 3 weeks to diagnose and caused far worse
RD. The only sensor changes between Fig’s. 1,2 and 3,4
were #3 & #4 on the side and top of the newly replaced
SD708. The Gam-Hi sensors at 5 cm and 2 m above the
beam pipe track quite closely in Fig. 3.

MAGNETIC MEASUREMENTS

Following 2, 8[1] and 17 years of operation in the SLC
DRs we have observed, within +0.25 %, a loss of sextupole
strength of 0, 2.5 and 6.3 % respectively on single magnets
selected at random. All harmonics through the first 16 were
originally required to be < 1 % and typically < 0.5 %[3].
In those we remeasured, ignoring first order feeddown, we
found no magnet with harmonics worse than ~1.7 %{1].
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Abstract

In August 2002, a 10-T superconducting wiggler was
installed in the 8-GeV electron storage ring at SPring-8.
High-energy (~3MeV) and intense synchrotron radiation
was produced from the wiggler, and scattered photons
were generated by the interaction of synchrotron radiation
with photon absorber materials. The intense radiation
environment in the storage ring tunnel damages
accelerator components, such as cable insulators and coils
for electromagnets. To suppress such damage, it is
necessary to understand the dose distribution and the
spectrum of scattered photons near the wiggler.

The dose distribution and the spectrum of scattered
photons from the photon absorber was measured by
thermoluminescent dosimeters (LiF TLD) with lead filters
©, 05, 1, 3, 6 mm in thickness). At the same time,
alanine dosimeters and GafChromic film (made of
polyethylene) were used to measure the dose of photons
which exceeded the dynamic range of TLD dosimeters.

The results of an experimental data analysis showed
that, as expected, photons of energies of several hundred
keV were scattered over a wide range.

INTRODUCTION

SPring-8 is a synchrotron light source composed of an
8-GeV electron storage ring, a booster synchrotron, and a
1-GeV injector linac. The storage ring has 44 normal
Chasman-Green cells, each of which has a 6.5-m straight
section for insertion devices. The main parameters of the
storage ring are listed in Table 1.

Table 1: Parameters of SPring-8 storage ring [1]

Electron energy 8 (GeV)
Beam current 100 (mA)
Circumference 1436 (m)
Number of cells Normal cell 44

Straight cell 4
SR from B-magnet  Power density 1.5 (W/mrad/mA)
Critical energy 30 (keV)

We installed a 10-T superconducting wiggler (SCW) in
one of the normal cells in August 2002. The main
parameters of the SCW are described in Table 2. We
tested its performance in September 2002[2]. A beam was
successfully stored in the storage ring at SCW magnetic
fields of up to 9.5 T. The stored current was limited to

0-7803-7738-9/03/317.00 © 2003 IEEE 782

0.lmA to maintain radiation safety. The storage ring is
always operated at a beam current of 100mA for beamline
users. If we use the SCW on 100-mA operation, the
radiation level in the storage ring tunnel increases by
high-energy photons scattered at the photon absorber. To
reduce radiation damage to the accelerator components,
we need quantitative data on the scattered photons from
the SCW and we have to shield them from the intense
radiation environment, effectively.

Table 2: Parameters of the SCW

Construction Three pole magnet
Magnetic field 9.5 (T) Max. 10.3 (T))
SR Power density 22 (W/mrad/mA peak)

Total power 1.0 kW/1mA)

Critical energy 400 (keV)

Radiation angle 25 (mrad)

In this paper, we describe an investigation in dose
distribution and the spectrum of high-energy scattered
photons near the SCW. We then use the data to design the
radiation shields for accelerator components.

EXPERIMENTS

Experimental setup

Figure 1 shows a schematic layout of the experimental
setup. The SCW was installed close to the center of the
straight section. The vacuum chamber of the photon
absorber was placed downstream of the SCW. As shown
in Fig. 1, two lead blocks (100-mm wide, 50-mm deep,
and 200-mm high) were attached on both sides of the
chamber (only on the outside of the storage ring
circumference). They shaded the accelerator components,
such as the vacuum gauge head, etc. The photon absorber
was made of copper, and had a rectangular aperture with
52-mm horizontal and 32-mm vertical axes. SR with a
larger angular spread than 10 mrad in the horizontal plane

is influenced by the absorber walls. One TLD stand (2-m

wide and 2.3-m high) was placed upstream of the
absorber, at a distance of 1m. Another TLD stand 2.5-m
wide and 2.3-m high) was placed downstream of the
absorber, without touching the vacuum pipe of the
beamline.
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TLD stand 2 Pb blocks TLD stand 1
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Photon electrc
absorber SCw direction
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Figure 1:Schematic layout of the experimental setup.
TLD dosimeters were attached on the TLD stands.

TLD dosimeters with lead filters were assembled on
the holder made of paper. Eight TLD holders were
attached on the upstream stand, and 7-holders were on the
downstream stand. The arrangement of TLD holders on
the upstream stand is shown in Fig. 2. The detection angle
from the beam axis was from 45 to 50 degrees.

TLD holder 2m @
TLD stand 1
£
=
(=]
| electron beam

direction

Figure 2:Arrangement of TLD holders.

On the shielding-wall, 1.2-m above the floor (the same
height as the median plane of the electron orbit), twenty
alanine dosimeters were mounted at intervals of 1m from
just besides the SCW.

Measurements

We prepared two sets of TLD dosimeter assemblies.
First, one set was mounted on the TLD-stands. Before
dose measurement, we operated the storage ring at a very
small current (0.1mA.10min) and fixed the electron orbit
to hit the SR at the same place of the photon absorber.
Dose measurement was carried out for one hour with the
storage ring operated at a beam current of 1mA. The dose
measured during the small current operation was about 2
percent of the dose measured at a 1-mA operation. Next,
we dumped the stored beam, and changed the TLD
assemblies for the other set. We then mounted twenty
alanine dosimeters near the SCW to measure a dose that
exceeds the dynamic range of a TLD dosimeter (more
than 2 Gy). At the same time, we fitted a GafChromic
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film around the vacuum chamber of the photon absorber
to measure the dose distribution of the surface of the
absorber.

All the dosimeters were irradiated for one hour at a
beam current of 0.1mA. After irradiation, we analyzed
them and got information on the dose of the scattered
photons.

RESULT AND DISCUSSION

We found that the dose measured at the upper part of
the median plane of the electron orbit is larger than the
dose measured at the lower part. This result may be
explained by the TLD assemblies being shaded with the
accelerator components (such as Pb blocks, vacuum
pumps, and girders of the vacuum chambers), which were
installed near the photon absorber. We shall confine
ourselves to analyzing the data which was obtained at the
upper part of the median plane.

® Mea@ImA i
——Cal.@ImA
| ® Mea.@0.1mA ||
s
<
2
[a]
1
-3
10 0 2 3 4 5 6
Pb filter thickness (mm)
10! ®)
~ 9
s
<)
2 .
<] -1 i
A 1 & Mea.@1mA :
]——Cal.@1mA
| B Mea.@0.ImA
, | |——Cal.@0.ImA
10° ; 1 L
0 1 2 3 4 5 6
Pb filter thickness (mm)

Figure 3: Dose measured and calculated on vertical plane
of electron orbit. (a) is dose at upstream of the absorber,
and (b) is at downstream. Dose is plotted as function of

lead filter thickness.

Figure 3 shows a typical result of dose that was
measured at the place pointed with 1 in Fig.2, and the
result of dose calculation using STACS code. Data over 5
Gy was excluded because the TLD lost linearity with the
dose sensitivity. The dose is in proportion to the stored
beam current of the storage ring and the dose of the
downstream is over an order of magnitude larger than the
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dose of the upstream. They may be attributed to the
angular dependence on the cross section of Compton
scattering.

Scattered photon spectrum on the surface of the TLD
was calculated by assuming the geometrical arrangement
of the photon absorber and the TLD. From the calculation,
we found that photons of energies mainly from 100 to 300
keV will be observed upstream the absorber and 100 to
1000 keV will be observed downstream. Using the spectra,
we estimated the dose on the TLD. The calculated dose
was drawn in Fig.3. The calculated dose agrees with the
measured values except for a few points measured
upstream using the thick filters. This discrepancy may be
interpreted on the assumption that the TLD dosimeters
placed upstream of the absorber were influenced by high-
energy-photons such as secondary-scattered-photons from
the SCW chamber. In order to support this explanation, it
is necessary to calculate the dose taking account of the
effect of secondary-scattered-photons.

10'
10°¢..
p
g 1 ! '
E 10 »
g 10° [ ® Dose (SCW)
6’ IJ Dgzg (Bending-Magnet)
= -3
2 10 E.
<] n
I Ul S
.
" L
1075 T 2 3TTE TS e
. Pb filter thickness (mm)
Figure 4:Comparison with dose from SCW and bending

magnet.

. We compared the dose of scattered photon from SCW
with the dose from the bending magnet of the storage ring
[3]. The result is shown in Fig. 4. Data was normalized by
the stored current and the distance from the absorber. The
difference between two slopes of the plots may be
attributed to a difference in the critical energy of the
incident photons. The total power of SR from SCW, that
was absorbed by the photon absorber, is two orders of
magnitude larger than the total power from the bending
magnet at the same current operation. The order of
magnitude between the dose from SCW and the dose
from bending magnet cannot be interpreted from the
difference in total power. The dose difference may be
explained by the assumption that high-energy-scattered-
photons from SCW escaped from the absorber chamber
and increase the radiation level at the TLD dosimeters. To
prove this assumption, it is necessary to carry out a
detailed study on the energy of scattered photons from the
bending magnet. ‘
The measured values of alanine dosimeters were less
than the search limit (less than 2 Gy). The reason fot this
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result is that all dosimeters were placed more than 3m
from the photon absorber.

electron

beam upper wall | side wall .

outside of the inside of the
storage ring storage ring
circumference circumference

I 140 mm |

Figure 5:Dose distribution measured using GafChromic
film on the photon absorber.

Figure 5 shows the dose distribution on the photon
absorber. Maximum value of the dose is 1500 Gy. As
shown in Fig. 5, GafChromic film that was put on the
upper wall, was much exposed than the film put on the
side wall. This fact is supported by several ways:

1. Thickness of the upper wall is a one-third of the side
wall,

2. Dose distribution is influenced by the angular
dependence on the cross section of Compton scattering,

3. SR from SCW is linearly polarized in a median
plane of the electron orbit, and scattered photons have a
maximum strength in a vertical direction of polarization.
Further analysis is necessary.

CONCLUSION

The dose distribution and the energy spectrum of
scattered photons from the photon absorber were
measured near the SCW. The dose from the SCW is three
orders of magnitude larger than the dose from the bending
magnet. The dose distribution is predicted from the
principle of Compton Scattering. :

If we design the radiation shields for accelerator
components it is necessary to investigate dose distribution
and the energy spectrum of penetrated photons in future.
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Abstract

With increasing ion beam intensity during recent RHIC
operations, pressure rises of several decades were
observed at a few warm vacuum sections. Improvement of
the warm sections has been carried out in last year’s
shutdown. Extensive in-situ bakes, additional UHV
pumping, electron detectors and beam tube solenoids have
been implemented. Vacuum monitoring and interlock
were enhanced to reduce premature beam aborts. The
effectiveness of these measures in reducing the beam
induced pressure bumps and in increasing the vacuum
system reliability are discussed and summarized.

INTRODUCTION

RHIC has a circumference of 3.8 km and comprises two
interweaving rings (named yellow ring and blue ring) that
intersect with each other at six locations. The total length
of warm sections is ~1.4 km, consisting of 24 insertion
regions (single beam) at the ends of the long arcs, 12 final
focusing regions between D0 and DX and six interaction
regions (IP), as shown schematically in Fig. 1. The design
vacuum of the warm sections is <5x107'° Torr. The beam-
gas lifetime, dominated by nuclear scattering with cross
sections of ~102* cm? for Au, is several hundred hours at
the design vacuum level, much longer than the ten-hour
intra-beam scattering lifetime [1]. Background noise to
the detectors, due to beam-gas events in warm sections
bracketing the experimental detectors establishes the
requirements of RHIC beam vacuum systems [2].

. 4.5K
Fig. 1 RHIC warm sections bracketing the interaction points
showing the incoming and outgoing single beam lines and the
common lines at IP and DX-DO0.

The warm sections are pumped by ion pumps (IP) and
titanium sublimation pumps (TSP), and monitored with
cold cathode gauges (CCG) at intervals averaging 14m.
The pumping speed at the neck of the pumps is ~500 l/s
for active gases such as CO and H,. Due to the small
linear conductance of the beam tubes, the effective
pumping speeds are in the order of tens I/s.m for H; and a
few I/s.m for CO. Most of the warm sections are in-situ
bakeable up to 250°C. The average pressures of the warm
sections without beam have reached below the design

vacuum level, owing to the gradual bakeout of these
sections over the last three years.

No notable changes in pressure were observed during
the 2000 beam commissioning run. However, pressure
spikes of several decades occurred during the high-
intensity Au x Au, p x p and Au x d runs in the past three
years. These rapid increases in pressure caused high
detector background, sometimes exceeded the CCG set
points for valve interlocks, and aborted the beams. The
pressure rise was especially prominent during 110-bunch
injection and became one of the major intensity-limiting
factors for RHIC. Extensive bakeout of the warm sections
and other improvement were carried out during 2002
summer shutdown to increase the intensity thresholds and
to reduce the pressure rise. The effectiveness of these
measures is summarized by comparing the beam and
vacuum performance of 2003 Au x d and p x p runs with
those of 2002 p x p and 2001 Au x Au runs. Further
improvement of the vacuum systems planned for the 2003
shut down is also described.

VACUUM IMPROVEMENT

Pressure Rise vs In-Situ Bake

To reduce detector background, the common beam
regions bracketing the four major experiments were in-
situ baked before the 2001-2002 runs, and pressure of low
10™ Torr and 10™ Torr were achieved. Two types of
pressure rise were observed [3, 4] during the 2001-2002
runs. The first type was the pressure rise at the beam
injection, initially observed at intensity above a certain
intensity threshold (Is), which was very sensitive to
bunch intensity and spacing, and tended to approach
saturation at constant intensity. It seems that the electron
cloud is responsible for this type of pressure rise [5]. It
has limited the Au intensity for 55-bunch injection, and
prevented the 110-bunch operation. The second type of
pressure rise occurred at the transition, somewhat
proportional to the total beam intensity, and not sensitive
to the bunch intensity and spacing. This type of pressure
rise has not limited the beam intensity. However, it has
caused high detector background and hampers further
luminosity improvement.
More warm sections were in-situ baked during the 2002
shutdown with the goal to reduce secondary electron yield
(SEY) and molecular desorption yield, and the resulting
pressure rise, and to increase Iy. The loosely bound
surface contaminants have a much higher SEY and can be
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removed through in-situ bake. The intensity thresholds of
the 1¥ type of pressure rise can be obtained by analyzing
the pressure rise patterns under various running conditions
[3]. The effectiveness of the bakeout for increasing I, is
illustrated in Fig. 2 where the pressure rise at IP12 is
compared with proton beam intensity before (2001-2002)
and after (2003) bake. For the same increase in pressure,
the intensity thresholds were about a factor of two higher
after bake. The average I, values for warm sections at
IP12 for various running modes are summarized in Table
1. Iy for p and d are much higher than Au, even after
factoring in the total charges. I increased by 50% or
more after in-situ bake.
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Fig. 2 Comparison of pressure rise with intensity at IP12 with
55- (2002, before bake, in 10° unit) and 110-bunch (2003, after
bake, in 10" unit) protons. The pressure rise is smaller while the
intensity is ~50% higher after bake.

Table 1. I, for different species and running modes at IP12

o 1P Single comment
p—355 7x10" 4x10” | 2002 - not baked
-110 6x10" 2x10" [ 2002 — not baked

Aut” - 55 7x10'° 2x10'°
Au*” —110 | ~6x10™ 1x10"°

2001 — not baked
2001 — not baked

Au™” —55 T >12x10" | 4.5x10™ | 2003 - baked
Au'” — 110 3.5x10'° | 2003 - baked
d-55" ¢ 1>12x10° | >7x107 | 2003 - baked
d-110 7x10'* | 2003 - baked
p=110 9x10™ 3.5x10" | 2003 - baked

Electron Detectors and Solenoids

Eleven custom electron detectors (ED) as shown in Fig.
3, were designed, fabricated and installed during the 2002
shut down. They were modeled after ED used at Argonne
and CERN, but include an additional shield to reduce rf
noise from the beam image current. The bias voltage of
the grids can be varied to measure the energy spectrum of
the electrons or ions. The transmission efficiency of the
ED has been calibrated up to 1500 eV using an electron
gun, and found to be around 10% [6].

Beam pipe solenoids were also installed on the 12¢m
beam pipes bracketing EDs, using 10 gage wire and
alternating the winding direction every meter. The
solenoid and the DC power supply provide up to 6000
Ampere turn per meter, equivalent to a 75 gauss axial
field, which is sufficient to confine electrons of 300 eV
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(which have peak SEY values) in spiral orbits of <lcm in
radius. The solenoids have been energized during the
machine studies in 2003. Significant reduction in both the
electron signal and the pressure rise has been observed [5,

7].
__1 12¢m Tee for ED ' l

A: BF shield (20%)

, B: grid 1 (-7V)
C:gnd 2 (-9 V)
D: collector plate (+45V)

RHIC ED  12%m ID port

Fig. 3 RHIC electron detectors (ED) consist of an RF shield,
two grids and a collector, and have an effective area of over

100cm>.

Vacuum Monitoring and Interlock

During the 2001-2002 physics runs, the beam was
aborted by the vacuum beam permit in a dozen cases.
Among them, a few were caused by electrical noise that
induced spikes in the vacuum gauge readings used for
valve interlock through programmable logic controllers
(PLC). These spikes would last a few seconds at most.
Prior to the 2003 run, the PLC ladder logic software was
modified to include a time delay for triggering the valve
closures and beam aborts. No premature triggering has
been recorded since. The time delay has also helped
preserve beam stores during injection and transition, when
pressure would rapidly rise and fall.

The monitoring and control of RHIC vacuum devices
is through the use of RS485 serial communication. Up to
32 like devices are connected to a common PLC co-
processor port. Due to the integral processing time of the
co-processors, the vacuum readings are updated every 8
seconds for vacuum gauges, and about 30 seconds for
devices like partial pressure analyzers and turbopump
stations. To monitor and correlate the pressure rise with
the beam intensity and other machine parameters, faster
data logging was implemented during 2002 shutdown.
The analog output signals from selected CCGs around the
ring were fed into MADC modules, digitized and logged
at a typical rate of 1 Hz. The enhanced data logging
capability allows accurate comparison and correlation of
the pressure rise with the signals from beam current
monitors, ED and beam loss monitors.

FUTURE IMPROVEMENT

To meet the physics goals in RHIC for year 2004 and
beyond, the total beam intensity has to be increased by a
factor of two or more, either through increase in bunch
intensity, number of bunches or both. The expected
pressure rise during injection and transition will be
excessive based on observation from the past years. The
following remedies are being evaluated and/or
implemented to reduce the pressure rise.
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Bakeout of Outgoing Beam Lines

The major goal in the last few years was to lower the
pressure at the incoming insertion beam lines and at the
common beam lines around the detectors, thus reduce the
detector background to the major experiments. However,
during a few high intensity stores, excessive pressure rise
was observed at the outgoing lines where most diagnostic
equipments with high outgassing components were
located. This high pressure has caused large amount of
beam scattering and beam loss in the long arcs, which
might have induced magnet quenches in the arcs.
Therefore these outgoing sections will be in-situ baked to
the maximum allowable temperature to reduce the static
and dynamic pressure. Non-conventional bakeout
methods will be developed for some of these sections.

Beam Tube Solenoids
Approximately 60m of beam tube solenoids were

"installed and operational for the 2003 run. Significant

reduction in ED signals and pressure was observed when
solenoids bracketing the ED were energized during
machine studies. The present solenoid cables have PVC
jackets and have to be removed prior to in-situ bakeout.
Kapton insulated wire will be installed for additional
solenoids for its radiation and temperature properties.

Collimators

The existing collimators, one in each ring, are not
effective in removing the beam halos and had at times
increased backgrounds to the detectors of nearby
experiment. These two collimators will be relocated to
IR12 region where no major experiment exists. Additional
secondary collimators and second-secondary collimators
will be installed downstream of the relocated primary
collimators to stop secondary particles. By intercepting
the beam halos and secondary particles at normal
incidence, the molecular desorption rate is expected to be
a few decades less than the estimate 107 desorbed
molecules per ion at grazing angle [3]. The collimators
will also be in-situ baked to reduce the magnitude of
pressure rise during their operation,

NEG Coating and Lumped Pumps

Due to large pump spacing and the small linear
conductance of the RHIC beam tubes, the effective
pumping speed is in tens I/s.m range for H, and a few
Vs.m for CO. To increase the effective pumping speed,
additional lumped pumps or linearly distributed pumps
are needed in the warm sections. Lumped pumps in the
form of TSP will be effective in the insertion regions,
perhaps midway between the existing IP and TSP. It will
increase the effective pumping speed by a factor three or
more. Linearly distributed pumps in the form of non-
evaporable getter (NEG) coating [8] will be more
effective in the interaction regions where little transverse
space is available for lumped pumps and the linear
conductance is smaller than that of insertion regions. The
NEG coating will provide effective pumping speed of 10?
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I/s.m and will also reduce the SEY, and the electron and
ion desorption rates. The coating of the existing 7cm @
beryllium beam tubes is certainly challenging if not
impossible. The addition of high Z material on the
detector "beam tubes has to be evaluated by the
experimenters for its reduced transparency to the
energetic particles. The periodic activation requirement of
NEG coating has to be incorporated into vacuum system
operation. A few NEG coated beam tubes will be installed
at one warm section and evaluated during the upcoming
run,

SUMMARY

Improvement of the RHIC vacuum system before 2003
physics runs has produced some positive effect on the
beam intensity thresholds for the pressure rise as
compared with those of the 2001 and 2002 runs. The
magnitude of the pressure rise is also lower than that of
the previous years. Solid evidence of electron cloud from
the newly-installed electron detectors was seen during
high intensity runs. The effect of the solenoids to suppress
the electron activities has been observed. Further
improvement is needed to allow increase in intensity. To
that end, more warm sections will be in-situ baked and
additional collimators will be installed to intercept the
beam halo at normal incidence. Additional lumped pumps
and NEG coating will also increase the effective pumping
speed several-fold.
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Abstract

The stainless steel vacuum chambers of the 248m
Spallation Neutron Source (SNS) accumulator ring are
being coated with ~ 100 nm of titanium nitride (TiN) to
reduce the secondary electron yield (SEY). The coating is
produced by DC magnetron sputtering using a long
cathode imbedded with permanent magnets. The
outgassing rates of several SNS half-cell chambers, with
and without TiN coating, and before and after in-situ
bake, were measured. The SEY of the coated chamber
coupons were also measured with primary electron energy
of 50-3000 eV. By varying the coating parameters, films
of different surface roughness were produced and
analyzed by scanning electron microscopy. It was found
that the outgassing rate varies as a function of surface
roughness of the TiN layer, and chambers with a rougher
surface have a lower SEY.

INTRODUCTION

The SNS ring, with a circumference of 248m, consists
of 4 arc sections of 34m each and 4 straight sections of
28m each [1]. There are 32 half cell chambers in the arc
sections. Each chamber, constructed of 316L stainless
steel, is approximately 4m.long and over 20cm in
diameter. Prior to TiN coating, the chambers are degassed
in a vacuum furnace at 450C for 48 hours. A coating of
~200 nm is subsequently laid down by DC magnetron
sputtering using a long titanium cathode containing
permanent magnets [2]. '

The operating pressure for the SNS storage ring is
<1x10® Torr. The outgassing rate of stainless steel is well
understood and confident estimates can be made for a
wide variety of conditions. However, because of the
required TiN coating to reduce the SEY, outgassing data
for ‘coated chambers is needed for vacuum simulations
and to'meet design requirements. The ring vacuum system
will not be baked, so of particular interest is the
outgassing data without in-situ bake.

OUTGASSING MEASUREMENTS
The outgassing rate of several SNS chambers was
measured by means of the orifice method. The total
surface area of each chamber is approximately 29,000
cm’. A schematic of the outgassing test setup is shown in
Figure 1. The orifice size was 3.2 mm in diameter and
2mm long. Outgassing measurements with in-sifu bake
were made with a 270 Vs sputter-ion pump (SIP)

supplemented with a titanium sublimation pump (TSP)
with a speed of 1000 Us for H; and base pressure of <10
Torr. Inverted magnetron gauges, with a gauge correction
factor of 2.4 for hydrogen [3] were placed on each side of
the orifice, while a residual gas analyzer was placed on
the pump side of the orifice to measure the gas
composition. The entire system was baked at 250C for 48
hours. To measure the outgassing rate without an in-situ
bake, a 150 I/s turbo-molecular pump with a base pressure
of 10 Torr was employed in place of the SIP/TSP.

G Cauge

o o
Orifice Plaf

[2)

QRG: with TSP

Figure 1. Schematic of outgassing measurement setup using
orifice method.

A summary of the outgassing measurements is given in
Table 1. Outgassing rates for chambers without in-situ
bake are given in N, equivalent. Log-log plots of the
outgassing rates for the chambers are given in Fig. 2.

Table I Outgassing data of chambers under a variety of
conditions.

Cham Q(N; equiv.)

Q(H2) Hours under

#  (Torr-Usem®) (Torr-Vscm?)  vacuum Comments
in-situ_bake  or post bake

2A 8.5E-12 2.5E-13 120 VD, no TiN
9A 3.7E-11 3.0E-12 120 no VD, no TiN
2A 1.2E-10 120 VD, HP
3A 2.1E-13 96 VD, HP

1C 7.1E-11 408 VD, HP, GDT
TA 2.5E-11 144 VD, LP
5B 9.6E-12 120 VD, LP, GDT
5B 24E-12 192
5B 1.9E-13 72
5B 1.6E-13 192

(VD: vacuum degass, HP: coated at 4 mTorr, LP: coated at 1.5 mTorr,
GDT:post glow discharge treatment) : :

H, Outgassing after 250C In-situ Bake

To determine the hydrogen outgassing rate, chambers
were subjected to a 48 hour 250C bake to remove water
vapor and other adsorbed gases. An outgassing rate of
3x10" Torr-1 s'cm? was measured for chamber 9A,
which was uncoated and not subjected to vacuum
degassing. This outgassing rate compares favorably with

*SNS is managed by UT-Batelle, LLC, under contract DE-AC05-000R22725 for the U.S. Department of Energy. SNS is a partnership of six national
laboratories: Argonne, Brookhaven, Jefferson, Lawrence Berkely, Los Alamos, and Oak Ridge.
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some previous reports of 5x107? Torr-1 s'em? for not-
vacuum degassed pipes after a 300C bake [4, 5].
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@24 uncoated, degass
3A, degass, HP coated
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5B, degass, LP coating, GDT
X7A, degass, LP coating @1C, degass, HP coating, GDT

Figure 2. Outgassing rates for TiN coated and uncoated
chambers without in-situ bake for a variety of coating conditions
HP: ~4 mTorr, LP:~1.5 mTorr, GDT: glow discharge treatment.

Subsequent to a 450C vacuum degass, an outgassing
rate of 2.5x10™ Torr-1 s'cm? was measured 120 hours
after bake for un-coated chamber 2A, an improvement of
~10x over chamber 9A. While diffusion theory would
suggest a value as low as 4x10™° Torr-1 s cm? for our
conditions [6], our measurements compare favorably with
earlier measurements [4] of a lower limit of 1x10™® Torr-1
s em? for 316LN tubes after 950C vacuum fire followed
by a 300C in-situ bake. Deviation from the theoretical
values shows possible evidence of “recombination limit
outgassing” explained by Moore [6].

H; Outgassing with TiN Coating

Recent research by Saito [7] shows that TiN coating on
stainless steel may act as a hydrogen permeation barrier
and can reduce the hydrogen permeation rate by as much
as 100x. The outgassing rates for chambers 3A and 5B
coated at high and low pressure, respectively, were
compared to that of the uncoated chamber 2A. Using
linear interpolation, chamber 5B, coated at low pressure,
attained an outgassing rate of 2x10™"® Torr-ls em? 120
hours after bake, for a reduction of ~30% and equilibrated
at a value of 1.6x10™" Torr-1.s"'cm®. Chamber 3A showed
an improvement of ~15%, but less than that of 5B, likely
attributed to the reduced density of the TiN film.

These results may be evidence of a permeation barrier,
but not the compelling evidence we were looking for.
Implicit in Saito’s findings were a minimum thickness of
Ium, as well stoichiometric films with few defects.
Saito’s substrates were electrolytically polished 304L
stainless steel whereas the SN'S chambers typically have a
2b matt finish, at best, and a TiN nominal thickness of
200nm. Any one of these variables can impact the results
of measurements. The 30% reduction in outgassing on

chamber 5B is similar to the reported value of 50%
reduction by Raiteri and Calcatelli [8] on smaller samples.

Outgassing without In-situ Bake

It is evident that even without an in situ bake, there is
considerable improvement in the outgassing rate of the
uncoated chamber subjected to a 450C vacuum degass
(2A over that of 9A). TiN coatings sputtered at a pressure
of 4 mTorr revealed a higher than expected outgassing
rate (3A). At this pressure, with a mean free path of ~1
cm, the sputtered Ti was arriving at the chamber wall at a
lower rate, and with less energy which produced a film
with lower density and increased porosity. It was
suspected that the film was very hydroscopic and RGA
data showed that this gas load was almost entirely water
vapor. The films produced at this pressure, were brown in
color and less gold than what is typically associated with
TiN. A correlation between the surface roughness of TiN
films and color has been reported by Nah et-al [9]. They
have determined that the more brownish TiN films are a
result of increased grain size and reduced grain density.

The sputtering pressure was subsequently reduced to a
level of ~1.5 mTorr, while still producing stable, uniform
plasma. The resultant coating (7A) was more gold in color
and found to have more acceptable outgassing rate which
is a factor of ~8x lower at 100 hours than that of the high
pressure coating (3A), but still ~ 4x higher than that of the
uncoated chamber (2A). To improve the outgassing rate
further, the surface was subjected to a glow discharge
treatment (GDT) before and after TiN coating. The
chamber wall was bombarded with argon ions for 5
minutes for an accumulated dose of 10'7 jons/cm’.

Sample 5A ample 5B

Sample 8A

Fig. 3. SEM (top) and AES (bottom) images of TiN coated
surface at high pressure (5A), low pressure (8A) and low
pressure with GDT (5B).

Chamber 5B was subjected to GDT and found to have
an improved outgassing rate over 7A by ~5x. More
importantly, the outgassing rate is similar to that of an
uncoated chamber (2A), indicating that the quantity of
water adsorbed on the TiN surface is comparable to that
of uncoated stainless steel. Evidence of this can also be
seen in the SEM images of the coatings (Figure 3).
Sample SA (from a chamber with identical parameters to
3A), exhibits deep voids when compared to 8A (sample
from a chamber with identical parameters to 7A), while
sample 5B shows further smoothing and densification.
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SEY MEASUREMENTS

SEY measurements were made on samples coated
under a variety of conditions. All measurements were
made as received to determine the initial SEY of the
materials. Research by others have shown that significant
reduction in SEY is accomplished by in-sifu bakeout and
ion or electron scrubbing. CERN has made extensive
measurements on surfaces treated to an air bake, sputter
cleaning, and oxidation treatments, and found them to be
effective in lowering SEY [10]. Kirby et al has also
shown that TiN has a significantly lower SEY over that of
stainless steel (SS) after sputter cleaning [1 1].

A summary of the SEY results is given in Table II.
Films produced with straight DC sputtering showed
mixed SEY results and will not be discussed further. All
production chambers are coated using MDC and most
SEY measurements were made on coupons using this
process. A summary of the SEY data is shown in Table II.

Table I1. SEY data for coated and uncoated chamber coupons.
Sample SEY Coating

# Max, Parameter Coating Parameters Legend
SS 2.37 2b finish . LP- 1.5 mTorr

SSP 249 P HP- 5 mTorr
3-Oct 225 DC/HP GDT- Glow Discharge treatment
3-Jul 2 DC/HP DC- Diode DC sputtering

19/1 1.89 MDC/HP - MDC- Magnetron DC sputtering
20/5 1.99 MDC/HP P- Polished substrate

5A 1.66 MDC/HI_’

2A 2.03 -MDC/HP

IC 24 MDC/HP/GDT .

8A 237 MDC/LP

4B 2.8 MDC/LP/GDT

5B 2.55 MDC/LP/GDT

The effect of surface roughness on SEY has been
reported [12] and demonstrated recently on copper by
Baglin, et-al [13]. To measure the effect of substrate
roughness, the SEY of both TiN coated and uncoated
stainless steel (SS) coupons were measured. One coupon
was polished, while the other retained its 2b finish. As
expected, the polished coupons showed a slightly higher
SEY in both cases. .

If the substrate roughness had a bearing on the SEY,
then the deposited film’s roughness will - have a
corresponding effect. It was found that the film with the
lowest SEY was generated at a high pressure with no post
GDT, while the highest SEY was on a film produced at
low pressure with GDT. Unfortunately the films produced
at high pressure without GDT exhibited the highest
outgassing rate. In hopes of reducing the outgassing rate,
while retaining the lower SEY, a film was produced at
high pressure with GDT. Much to our chagrin, this film
exhibited a high SEY of 2.4 and high outgassing.

In the as received state, the SEY of films generated at
HP without GDT were, on average, lower than both
uncoated SS and LP coated films with or without GDT.
Furthermore, TiN films produced at LP with or without
GDT showed no significant reduction in SEY over
uncoated SS. This lack of SEY reduction in the as
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received state of TiN and SS, has also been observed by
Baglin et al [13]. 1t is our conclusion that the surface
roughness of our TiN films is the driving force in
reducing the as received SEY, while the addition of in-
situ methods such as bakeout, to remove water vapor and
surface gases, as well as sputter cleaning, are required to
lower the achievable SEY. Measurements with in-situ
bakeout and/or sputter cleaning are still required to
determine our films lowest SEY.

SUMMARY

The uncoated SNS chambers exhibit lower than
expected outgassing rates. The benefits of a moderate
vacuum degass at 450C are evident. The SNS chambers
coated with TiN at low pressure with glow discharge
treatment have an outgassing performance comparable to
uncoated chambers. There is strong evidence that TiN
films produced at high pressure, regardless of glow
discharge treatment, result in high water adsorption into
the porous film and cause unwanted outgassing
characteristics. There is some indication that the TiN film
may act as a permeation barrier to hydrogen diffusing
from the bulk, but more conclusive evidence is required.
Finally, the surface roughness of the deposited film(s)
may have bearing on the SEY of the film.
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PRESSURE DISTRIBUTION SIMULATION FOR SNS RING VACUUM
SYSTEMS*

P. He', H.C. Hseuh and R. Todd
Collider-Accelerator Department, BNL, Upton, NY 11973, USA

Abstract

Brookhaven is responsible for the design and
construction of the US Spallation Neutron Source (SNS)
accumulator ring and beam transport lines. Ultrahigh
vacuum of a few nano-Torr is required for the
accumulator ring to minimize the residual gas ionization.
To size the pumps and to optimize the pump locations, the
pressure distribution in the vacuum systems has to be
calculated based on chamber conductance, the static and
dynamic outgassing of the chamber walls and the beam
components. A computer program, based on finite
differential approximation, was used to model the
pressure in the accumulator ring, using the measured
outgassing rates of chambers with and without TiN
coating. The simulation results indicate that the designed
vacuum will be achieved after prolonged pumping due to
the high outgassing associated with the low secondary
electron yield coatings.

INTRODUCTION

The SNS accumulation ring, with a circumference
of 248m, consists of 4 arc sections of 34m each and 4
straight sections of 28m each for injection, collimators,
extraction and RF & diagnostics [1]. The vacuum systems
are conveniently divided into eight vacuum sectors
isolatable with all-metal electro-pneumatic gate valves
located at the interface of the arc sections and the straight
sections. The ring schematic layout is shown in Fig.1 and
a list of ring vacuum components and their parameters are
given in Table 1.

fixed
collimators

movable
scraper

injection septum..4. ] 7 extraction kickers

& bunps

h

beam gap kicker
extraction septum

instruomentation

Figure 1. Schematic layout of the SNS accumulator ring.
The four straight sections are designed for beam injection,
collimation, extraction, and RF systems, respectively.

Table 1. Accumulator Ring Vacuum System Parameters

Description # Unit Length
Design Vacuum Level <1x10” Torr
Arc Half Cell Chamber 32 4m
Arc Quarter Cell Chamber 4 2m
Straight Region Doublet Chamber 8 >3m
Straight Region Special Chambers 16 0.5-4m
Sputter Ion Pumps, 300 I/s 50

Only UHV compatible metals and ceramics will be
used in the construction of the ring vacuum system for
their . vacuum properties and radiation resistance. No
organic materials are allowed. To minimize the RF
impedance, the chambers will have tapered transitions
wherever significant changes in cross sections occur. All
the pump ports will be shielded with RF screens (thin
mesh), which has little effect on the available pumping
speed. Conflat type flanges and seals, for their cost and
reliability, will be used to join the arc-chambers. Quick-
disconnect chain clamps, flanges and metal seals will be
used at the straight sections where the expected beam loss
will be higher, therefore minimizing the personnel
radiation exposure during vacuum maintenance and
repair. To reduce the secondary electron yield (SEY), the
inner walls of the ring chambers are being coated with
~100nm titanium nitride (TiN). .

Vacuum is obtained using lumped pumps (i.e. pumps
appending the beam line at periodic intervals), thereby
simplifying the mechanical design and improving
serviceability (i.e. ALARA considerations). Often,
vacuum systems of this design require special attention in
determining the relationship of pump speed and spacing
to avoid a condition of conductance limitation or
unnecessary cost. An analysis of periodically pumped,
longitudinal vacuum systems can be carried out using
rudimentary vacuum formulas, assuming uniform
outgassing, conductance and pump spacing, which can
yield acceptable results for predicting general
performance for many applications. One such analysis is
given by Welch [2]. With the advent of vacuum
simulation code, factors such as non-uniform outgassing,
unequal pump spacing, and varying conductance, as is the
case within regions of the SNS accumulator ring, can be
more easily accommodated. The software used is a
program called VACCALC, which solve the differential

equations for the pressure piecewise [3]. This software’

* SNS is managed by UT-Batelle, LLC, under contract DE-AC05-000R22725 for the U.S. Department of Energy. SNS is a partnership of six
national laboratories: Argonne, Brookhaven, Jefferson, Lawrence Berkeley, Los Alamos, and Oak Ridge.
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was used to estimate the pressure profile in the upgraded
HERA interaction regions [4].

PRESSURE DISTRIBUTION
COMPUTATION

In this section the pressure profile and average pressure
of SNS ring arc and straight sections are calculated using
VACCALC code. Varying the size, number and spacing
of pumps for various outgassing rates will permit the
design of a minimum cost accelerator vacuum system for
predetermined vacuum performance requirements The
real residual gas composition is not known precisely,
however, for relative comparisons we assume the gas
composition is Hy(40%), H,0(40%),and CO(20%). The
gas desorption loads from special beam components, such
as stripping foil and the extraction kicker ferrite, limit the
accuracy of the simulation to a factor of 2 or more.

Pressure Profile in Arc Section

Each ring arc section (Fig.2) has 8 halfcell chambers
and one quartercell chamber. The vacuum chambers and
the magnets are grouped symmetrical to the middle
quadrupole, such that they are mirror images to each
other. Five ion pumps will be installed in the Arc section
for day-one operation. Pump ports are available at each
halfcell chamber for future upgrade. '
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Figure 2. Schematic layout of arc sections.

The outgassing rate of stainless steel is well
understood and confident estimates can be made for a
wide variety of conditions. However, because of the
required TiN coating to reduce SEY, outgassing data for
coated chambers is needed for vacuum simulations and to
- meet design requirements. The ring vacuum system will
not be baked, so of particular interest is the outgassing
data without in-situ bake. The outgassing rate of several
SNS chambers was measured by means of the orifice
method and summarized below [5].

The purpose of TiN coating is to minimize the SEY
from the chamber wall, thus avoid the so-called e-p
instability caused by electron multi-pacting. TiN-coated
coupons were sent to CERN for SEY measurements. The
results [5] show that TiN films generated at higher
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sputtering pressures have an SEY ~ 50% lower than those
films generated at a lower pressure. However, the
outgassing rate of the higher pressure film is, on average,
an order of magnitude higher than that of the low pressure
film. Both the low SEY and high outgassing is a result of
the increased surface roughness of the film. Because
electron cloud effects will be more deleterious to
accelerator operations than the increased pressure,
chambers will be coated at higher pressure. The pressure
profiles, with the specific outgassing rate of 1.2x107°
Torr.l/s.cm’ (with TiN coating) and 8.5x10™2 Torr.ls.cm?
(without TiN coating) are shown in Fig.3.

Table2. Outgassing for chambers under various conditions.

Description (0] Hours
Chamber #2A(VD, no TiN) 8.5E-12 120
Chamber #2A(VD,HP, TiN) 1.2E-10 120
Chamber #5B(VD,LP, GDT, TiN)  9.6E-12 120

(VD: vacuum degass at 450°C, HP: TiN coated at 4 mTorr, LP:
TiN coated at 1.5 mTorr, GDT:post glow discharge treatment)
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Figure 3. Pressure profiles in arc sections.

Pressure Profile in Injection Section

The SNS injection section has eight injection kickers,
one injection septum, one dump septum, four injection
bending magnets and two quad doublet assemblies. The
layout is shown in Fig.4. The injection bending magnet
No.2 has a thin carbon foil to strip the electrons off the H'
beam. This foil will be heated by the proton and the two
accompanying electrons. Therefore an additional factor of
5 in gas desorption at B2 region is used in the simulation.
Figure 5 shows the pressure profiles in the injection
section.
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LK: Injection Kicker, Long
SK: Injection Kicker, Short
QD:Quad Doublet Assembly
IS: Injection Septum

DS: Dump Septum

B1: Injection Bending Magnet #1
B2: Injection Bending Magnet #2
B3: Injection Bending Magnet #3
B4: Injection Bending Magnet #4

Figure 4. Schematic layout of injection section.
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Figure 5. Pressure profiles in injection section.

Pressure Profile in Collimator Section

In the SNS accumulator ring, a straight section is
dedicated to transverse collimation. The present ring
lattice uses one primary and two secondary collimators
(Fig.6) to mitigate beam halo caused by space charge and
other collective effects. The collimator system is designed
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QD PC

Movable Scraper

QD:Quad Doublet Assembly  C2: Ring 2 Collimator
PC: Primary Collimator C3:Ring 3 Collimator
Figure 6. Layout of the collimation straight section
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Figure 7. Pressure profiles in collimation section.

to handle the entire portion of the anticipated 2x10?
fractional beam intensity. Therefore the simulation uses:
an additional factor of 5 for gas desorption and the result
is shown in Figure 7.

Pressure Profile in Extraction Section

Figure 8 gives the extraction section layout. The
extraction system of SNS ring has 14 kickers (separated
into two groups) and the apertures of those kickers were
adjusted with the betatron function to yield the overall
SNS ring acceptance [6]. A total of 168 ferrite blocks will
be installed inside the vacuum chamber. The specific
desorption rate of ferrite is 3x10™ Torr.l/s.cm? (before in-
situ baking) and 2x10™ Torr.V/s.cm? (after in-sifu baking)
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[7]. The pressure profiles are shown in Fig. 9 with and
without in-situ baked ferrites.
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Figure 8. Schematic layout of extraction section.
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Figure 9. Pressure profiles in extraction section.

SUMMARY AND DISCUSSION

Pressure distribution simulation on the SNS ring
vacuum system has been presented. Our simulation results
show that the average pressure will be 3~4 times higher
than the design value of <1x10® Torr due to higher
outgassing rate with TiN coating done at higher sputtering
pressure. The pressure will decrease with SNS beam
conditioning based on CERN SPS beam scrubbing
experience [8]. The pressure may also be reduced by
adding titanium sublimation pumps and ion pumps at
existing pump ports of vacuum chambers in future
upgrade.

ACKNOWLEDGEMENTS
The authors would like to thank Dr. Bertolini of LLNL
in providing the VACCALC simulation code.

REFERENCES
[1] H.C. Hseuh, C.J. Liaw and M. Mapes, Proc. PAC’99,
New York, USA, p1345 (1999).
[2] K. M. Welch, Vacuum, 23, 271 (1973).
[3] M. Sullivan, Stanford Linear Accelerator Center
(SLAC). Internal Note AP 94-6 (1994).
[4] M. Seidel et-al, Vacuum, 60, 267(2001).
[5]1 P.He, et-al, ‘Outgassing and Surface Properties of TiN
Coated SNS Ring Vacuum Chambers’, this proceeding.
[6] N. Tsoupas, et-al, Proc. EPAC’00, Vienna, Austria,
p2270 (2000).
[7] M. Mapes, Private communication.
[8] J.M. Jimenez, Private communication.




Proceedings of the 2003 Particle Accelerator Conference

ELECTRON DETECTORS FOR VACUUM PRESSURE RISE

DIAGNOSTICS AT RHIC*

U. Iriso-Ariz', A. Drees, W. Fischer, D. Gassner, O. Gould, J. Gullotta,
R. Lee, V. Ponnaiyan, D. Trbojevic, K. Zeno, S.Y. Zhang.
BNL, Upton, NY 11973, USA

Abstract

In the RHIC 2001 run, an unexpected vacuum pressure
rise versus bunch increasing currents was observed in both
gold and proton operations. This pressure increase due to

molecular desorption is suspected to be induced mainly by -

electron multipacting, but other causes may coexist, such
as jon desorption due to halo scraping. In order to get a
reliable diagnostic of the phenomenon electron detectors
have been installed along the RHIC ring. In this report we
describe results measured by the electron detectors with en-
ergy filters during the RHIC 2002/2003 run.

'1 INTRODUCTION

A pressure increase was observed during Au-AuFY2001
run at the Relativistic Heavy Ion Collider (RHIC) for high
intensity beams. It is suspected to be due to molecular des-
orption, mainly substained by electron multipacting, but
other causes may coexist, such as ion desorption or beam
losses as seen in Ref. [1]. In order to have a reliable diag-
nostic for the phenomen, upto 16 electron detectors (ED)
have been installed in'the RHIC ring. Since the presence
of ions is not rejected [1], ion collection will be possible
through these detectors. A general description of the ED
installed at RHIC follows:

® 4 Spallation Neutron Source (SNS) ED, and 1 Ar-
gonne National Laboratory (ANL) ED. Both of these
ED are RF shiélded very effectively and in a similar
manner. No amplifiers were connected to them, and
they all could be used to measure an electron energy
(E.) spectrum. o

o 1 MicroChannel Plate (MCP) ED. Its low frequency
cut off (fiow) is set to 0.3MHz, and it has a nomi-
nal gain (G) of 58dB. No E. spectrum is available
through this detector. :

e 11 RHIC ED. Their design is based on the PSR
model [2], and a general layout can be seen in Fig. 1.
Most of these ED’s are connected to the AC coupling
amplifier Sonoma 310 (G=32 dB, bandwidth (BW)
(10kHz-1GHz)). The final fo, ranges from 10kHz
to IMHz since it is a function of the Capacitor (C)
used to protect the amplifier. An E, spectrum is also

‘possible through these detectors.

As a first measure to reduce the pressure (P) rises detected
during RHIC 2001 run, most of the warm parts of the ring

* Work supported by US DOE under contract DE-AC02-98CH10886
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were baked out before the FY2003 run. Despite the fact
that the ring was filled several times with the same fill pat-
terns as in 2001: 55 and 110 bunches, 216ns and 106ns
bunch spacing, respectively. See Ref. [1] and [3] for more
information. P rises were not as strong and generally re-
produced around the entire ring, but only in certain loca-
tions. The bake out, together with the lower beam inten-
sities achieved during this run, produced very low electron
currents to the beam pipe wall. Therefore, only the EDs
placed at very weak parts (in terms of vacuum stability)
and with a high G were able to detect currents above the
noise level. For technical reasons the MCP (58dB) was not
fully utilized. Therefore, the RHIC ED has been the main
ED providing electron cloud EC signals, and this note will
report about the description of this detector. '

2 THE RHIC DETECTOR LAYOUT

The general layout of the RHIC ED can be seen in
Fig. 1. The top grid (Grid 0’ in Fig. 1) acts as an RF
shield, and its transparency (Tj) is fixed to 23% in order
to decrease the effect of the image currents without inter-
fering the multipacting process. The middle grid (stated in
Fig. 1 as *Grid 1’, with Ty = 80%) can be biased to dif-
ferent voltages through the remote controlled High Voltage
supply (HV). It acts as an energy filter, allowing the E,
spectrum to be measured.

[oran-2% - RF shiclding

Viilter
........... Grid 1 ~ 80% — Energy filter !

............. 1| Grid 2 - 80% - Low energy repelter -lov

S 1 R=Lik ©

Figure 1: Layout of the RHIC ED. As stated in the text,
C is not the same for all 11 detectors, but a typical value
is 0.01 pF. The presence of C is needed to protect the
amplifier.

The bottom grid (shown as ’Grid 2’ in Fig. 1, with
Ty = 80%) is held at -10V by a DC battery. It is used
as a repel back the secondary electrons produced at the col-
lector. The collector can be biased either positively or neg-
atively through another output of the HV supply in order to
check the presence of either electrons or ions, respectively

o
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[1]. In order to be able to keep the collector at different
voltages and polarities without damaging the amplifier, an

C circuit (Fig. 1) is used in a box placed as close as
possible to the ED in the ring. The multiplexer (shown
as 'MUX’ in Fig. 1) allows for signal splitting and two
data acquisition modes: ’fast’ and ’slow’. The fast mode
uses a scope to take a 20y snapshot sampled at 1GHz
which is done through the scope. This acquisition is trig-
gered every AGS ! cycle (approximately every 4s). The
’slow’ mode uses a Multiplex Analog to Digital Converter
(MADC) with a sampling rate of 720 Hz. This mode should
be useful in linking the time evolution of P and 4 for
large time scales.

Signal differentiation

An AC coupled system differentiates the signals below
the fiow, which is determined by C. The RHIC ED
circuit has been evaluated using the commercial software
PSP CE 2, and its behavior has been tested for a given
’ideal’ yqu- This a1 has been taken from one of the ex-
isting computer EC simulation codes, in this case, CSEC
[5). Figure 2 shows the signal differentiation when the
EC starts. Although we are referring to an electron cur-
rent which should always be negative (green light points
in Fig. 2), the signal that will be seen in the scope (black
line) is both positive and negative in order to keep the inte-
gral over one period null, i.e. one RHIC beam revolution,

rev = 12 8 . We can see that as the EC takes place, both
the maximum and minimum parts of the signal increase in
magnitude due to the electronics design. Using the MADC,
we log the maximum and minimum values of the 720 sam-
ples taken per second and we can follow the slow evolution
of EC at 1Hz. This will become the most reliable tool in
evaluating the EC signal at large time scales (minutes).

| _signat differentiation |

=
[ [——scope output
e [ HS |
£ o
2 L P
3 -5
10
15, Lol i
0 2 14 16 18 20

93
Time (us)

Figure 2: Theoretical .4y calculated with CSEC (green
light dots). This signal is differentiated by the RHIC ED
system, and has been evaluated with PSP CFE (black
line).

! Alternating Gradient Source
Zhitp:/iwww.orcadpeb.com/pspice

Calibration

For a given scope voltage reading (V), we will be in-
terested in the corresponding current into the wall ( ,,q77).
Given the surface area of the detector, S.q=78 m2, and
taking into account that the effective transparency (T, 75)
of the ED is calibrated as a function of the E. (see [4]),

weu interms of u M2 can be calculated as:

vV
=7 1
e T P M
where = 5012, and according to the specifications of the

amplifier, G is significantly flat for the f we are interested
in (80kHz to 20MHz). Therefore, the uncertainty in T’ £f
will be responsible for the error while computing the .1
from the experimental data (V).

3 EXPERIMENTAL RESULTS

During this run, d circulated in the clockwise RHIC ring
(bluering), andthe "+ jons ran in the counterclockwise
RHIC ring (yellow ring). The typical intensities have been

p5=6 100 d per bunch () in the blue ring, whereas in
the yellow ring =4 108 7°* jons per bunch
These numbers are below the EC' threshold in both cases.
Together with the bake out, these facts produced some
less severe P increases (see [3] for more details), and
the possibilities of detecting electrons were significantly
reduced. On the other hand, during the polarized proton
() run starting in March 26th 2003, the beam intensities
were readily attainable above the EC threshold, and an
pb=10% protons per bunch ( ) was easily achieved.
We analyze the data collected for both the and
run. Table 1 summarizes the experimental minimum beam
parameters for which EC signals allow data collection
using the ED. :

Table 1: Experimental beam parameters producing EC sig-
nals at the RHIC ED. The beam bunch spacing is always
106ns, corresponding to the pattern for 110 bunches in the
machine. Bunch length at injection is usually 15-20 ns,
while when ramping it is about 10ns (head to tail). .y is
estimated using T s5=3.5% from [4].

79
b 8108 91010 81010
process ramp injection injection
want(e  m?) ~5 ~0.5 ~2
fill # 3107 3159 3460
P (torr) 5107 1106 410"

Fast mode observation

The Au case showed only one significat case of EC sig-
nal, and interested readers can see itin [3]. In the d case, no
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clear snapshots of data have been logged with ED. How-
ever, in several cases, by smoothing the data it is possible to
distinguish the EC signal from the noise level and image
currents. The most critical region in the blue ring turned
out to be the straight section *bo2’. The RHIC ED there
has the same characteristics as seen in Fig. 1, except that it
is equipped with 2 amplifiers in series. Therefore its total
nominal G' = 64dB. Fig. 3 reports the case of fill #3159,
where 1,,=9 101° dpb. When 59 bunches where injected in
the machine, the raw data does not show any clear EC sig-
nal (light green dotted lines). Numerically smoothing the
data with a 10 MHz filter (black line), we can clearly see
how the EC rises for the last bunches and disappears at the
same time as the bunch train.

IRaw data and smoothed signal. Fill #3159, 8h59m16s I

Vv

TITT[TTTI[ITTI7T

4 14 16 18 20

0 12
Time (s)

Figﬁre 3: EC signal 61'1' the'E'D' placed in the bo2 sector.

The light dotted green line shows the raw data, whereas the
black solid line shows the smoothed data using a numerical
10 MHz filter. '

Slow mode observation

The ED placed in bo2 showed clear EC signals dur-
ing the pp run using the *smoothin g’ technique, and similar
snapshots as.in Fig. 3 are compared in [5]. Fill #3460
showed a general EC problem throughout RHIC. This
clear case allowed us to carry out interesting studies us-
ing the ’slow’ mode (MADC). Figure 4 shows the time
evolution of P, and the V in the ED. The injection during
this fill was temporally interrupted when 45 bunches were
injected (t=250s, in Fig. 4). Injection resumed at t=320s
and finished after 700 s. Correlation between the time evo-
lution of P and V is visible, which shows that EC is the
primary factor in the P rise. V' is plotted in a linear scale,
and it is worth mentioning that both magnitudes are ulti-
mately a function of Ijeqy,. Using Eq. 1, Iyqy in this plot
ranges from 0.2p4/cm?- 5uA/em?.

4 CONCLUSIONS AND OUTLOOK

The EC could be observed with d, Au and p in the
FY2003. P rises during the d Au run have in general been
lower than expected due to the bake out performed during
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V(mv)

P(torr)-logk/scale
MADC

F Prain=10" torr

100

0 100 200 300 400 500 600 700
time (s)

Figure 4: EC signal using MADC in bo2 sector while fill- -
ing RHIC with 110 bunches. Injection was temporally in-
terrupted after 45 bunches (t=200s) and resumed at t=320s.
Note that P is plotted in logarithmic scale.

the 2002 shutdown and the technical difficulties in aciev-
ing high I,;. However, under certain beam conditions, a
substantial P rises were observed and several EC signals
have been detected using the RHIC E D in the fast mode for
both d and Au. The weak EC signal and the absence of an
amplifier for the SNS and ANL ED did not allow the EC'
to be seen using these. In general, I,,,;; ranges [0.5-10]
;:%45. The RHIC ED has been very sensitive to of image
currents, and signals below ~0.5 -c’jn% » corresponding gen-
erally to P 10~7 Torr were indistinguishable from the
noise level. Only cases reported during the pp run allowed
us to use the slow mode detection. The signal differentia-
tion in the RHIC ED has been evaluated, and an estima-
tion of the evolution of EC for large time scales (minutes)
is possible. This fact allowed us to investigate the direct
influence of I,,,;; on the P rise. A measure of the E, spec-
tram, and a better estimation of the slow evolution of ] wall
are in progress. A new DC amplifier is currently being de-
signed and expected to be ready for use during the next run.
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ELECTRON CLOUD AND PRESSURE RISE SIMULATIONS FOR RHIC*

U. Iriso-Ariz’, M. Blaskiewicz, A. Drees, W. Fischer, S. Peggs, D. Trbojevic.
BNL, Upton, NY 11973, USA

Abstract

Beam induced electron multipacting may be among the
main reasons for the vacuum pressure rise when circulat-
ing high intensity ion and proton beams in RHIC. Latest
simulation results are benchmarked with recent experimen-
tal observations for RHIC, and compared to other general
computer codes. The influence of the electron multipacting
to the vacuum properties is also discussed.

1 INTRODUCTION

Pressure (P) rises were observed as bunch currents were
increased during both gold (Au) and proton (p) operations
at the Relativistic Heavy Ion Collider (RHIC). Preliminary
indications from the RHIC 2001 run [1] suggest that an
electron cloud (£C) may be the main cause of P rises that
limit the beam intensity at RHIC. Ion desorption and beam
loss may also be partially responsible. In the following, we
benchmark the latest experimental observations with one
of the existing computing codes, CSEC( [2]). Prelimi-
nary results obtained from ECLOUD [3] are also dis-
cussed. Following the results obtained by CSEC and the
experimental data, we give a reliable ranges for the main
wall surface parameters contributing to the effect, which
are necessary to determine the behaviour of the secondary
electron emission, § (Sec. 2). Observations have been
made with the same fill pattern (106ns bunch spacing) and
during the same process (injection, where bunches are typ-
ically 15ns head-to-tail long) as in the 2001 run. Due to the
bake out carried out during the RHIC shutdown in 2002,
the 55 bunch fills (with 216ns bunch spacing) did not show
EC effects. Due to the high P rise observed in some cases,
the number of injected bunches injected did not reach the
target of 110. We also compare the simulation results with
data when a solenoidal field is applied to suppress the ef-
fect. The experimental results are based on the electron
detector in [4]. The direct output provided by this detector
is a voltage, which can be converted to a current into the
wall (Z,qn) with a large uncertainty (factors ~3 are pos-
sible [4]). Despite this large error, it has been decided to
show the experimental observations in terms of 1,4, €x-
pressed in ('CL:-nég). Finally, and based in the experimental
data, we discuss the influence of I,y to the P for when
the latter reaches a final steady state.

* Work supported by US DOE under contract DE-AC02-98CH10886
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2 PARAMETRIZATION OF THE
SECONDARY EMISSION YIELD

Following the notation in [5], for a normally incident
electron with kinetic energy F, §(E) is the total number
of electrons leaving the surface due to all processes. The
parametrization of §(E) is one of the main concerns while
simulating the EC effect, and there are still a lot of inves-
tigations currently being carried out [7]. CSEC uses the
following [2]:

8(E) = (R~ Ring)exp™®/ " +Rins

09
S$(E/Emaz)

EY,
+ S mazs_l‘i‘(E/Emam)s,

where E,., s, and R;,s are fitting parameters that have
been fixed from [2] and [5] to 60eV, 1.813 and 0.2, re-
spectively. E.,q, corresponds to the energy at which &
has its maximum value (§,,,,). For stainless steel (RHIC),
E;02=300eV [6]. The contributions to §(E) can be di-
vided into the reflected electrons (terms proportional to R
and R;, ) and the ’true’ secondaries (terms proportional to
SEYrmaz). R stands to the electron backscattering proba-
bility at low E, whereas R;, ¢ refers for the same proba-
bility for high E electrons. The angular distribution of the
secondary electrons is also taken into account and can be
seen in {2]. Figure 1 illustrates the global behaviour of §
and the individua contribution of the reflected electrons and
the true secondaries, respectively.

25

2 true secondaries

8(E) ——

|5

1 10 100 1000
E, (eV)

Figure 1: Separation between the processes influencing &
for R=0.6 and SEY;,,4,=1.9. '

E(C is very sensitive to the SEY, 4, and R. By com-
paring CSEC results with experimental observations, we
give a reliable range for these SEY,,,, and R referring
to the RHIC beam pipe wall. On the other hand, the free-
dom to change these specific parameters in the input file us-
ing the ECLOU D code is reduced only to the value 6,4
(Fig. 1). Note that J,,,, is not the same as the SEY,,,.
from CSEC. The way in which the reflected electrons are
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evaluated in ECLOU D is fixed. The parametrization used
there has been updated following laboratory measurements.
The latest version, which is the one used here, can be seen
in [7].

3 SIMULATIONS COMPARED WITH
EXPERIMENTAL DATA

Clear EC cases occurred during the RHIC FY2003 po-
larized proton (pp) run, where it was technically feasible
to reach higher bunch intensities (I, pb) than during the dAu
run. These cases occurred at the long straight section la-
beled *bo2’, where the vacuum chamber has cylindrical
symmetry. The main machine characteristics, together with
the beam parameters for fill #3460 can be seen at Table 1.
Figure 2 shows a snapshot of the EC signal collected in the
ED and the bunch intensity (I ) for fill #3460. I. pb TAnges
from 8 10%° 10 5.5 10%° ppb during the bunch train. Note
that the I, of the second group of less intense bunches
(from bunch # 17 to 33) causes the EC signal to decrease.
That may indicate a RHIC EC threshold of I,5=6 101° pro-
tons per bunch (ppb) for the long straight sections.

Table 1: Machine and beam specifications used for the
RHIC simulations based on fill #3460.

Ipp 81010 ppb

full bunch length 15ns
bunch spacing 106.6 ns

: # bunches (V) 110
- revolution period (Trer) . 12.8 us
rms beam radius 2.4 mm
relativistic «y 25.8

beam pipe radius 6cm
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Figure 2: EC signal (black solid trace) and I (red bars)
for a RHIC revolution (12.8 s during fill 3460). The signal
goes from positive to negative values due to the electronic
design of the ED.

In general, the computer code simulations assume equal
intensity along the bunch train. Fill #3460 can be repro-
duced with the recently developed CSEC, which allows
Ipp 1o be changed for different bunches. We tried to fix
the wall surface parameters contributing to EC' by sweep-
ing SEY 4. and R and comparing I.,qy behaviour with
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the experimental data. Due to the few EC cases found
until now, the electron dose received can be neglected. It
turned out that R<0.5 needs SEY 4 >2.2 to0 multipact
(far from the literature values for baked stainless steel sur-
faces, see [5] and [6]), whereas R=0.7 does not reproduce
the observed decay time. Therefore, possible values for R
are 0.6+0.1. Figure 3 shows the SEY ,, sweep fixing
R=0.6. In order to determine the proper values of SEY oz
and R, we could fit the growth and decay times from both
simulations and experimental data and compare the results.
However, the experimental data comes from an AC cou-
pled signal with a low frequency cut off, f;0,,=300kHz [4].
Therefore, the signal needs to be treated before fitting when

‘slow dynamics (<300kHz) play a role, as they did for fill

# 3460. This treatment is being developed, and the results
of the first analysis indicate that R=0.6 and SEY,,,,=[1.8-
2. O] match reasonably well with the estimated I, (20.5-
Sfmg) and EC timing (saturation = 6 ps). This combi-
nation is also found in scientific papers ( [5] and [6D).
The combination R=0.5 and SEY,,,,, >2.1is a possibility
for the unbaked stainless steel vacuum chambers at RHIC.,
Note that these values are given for Riny=0.2. Possible

consequences of changes in this parameter are currently
under study.

12
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Figure 3: Sweep of possible values of SEY,,, fixing
R=0.6. The maximum value of the line density for these
cases ranges from 0.1 nC/m (SEY,.,=1.7) to 1nC/m
(SEYp05=2.1).

Preliminary results using ECLOUD with the latest
parametrization for elastically reflected electrons using
dmaz=1.9 produce a line density p at saturation on the or-
der of 0.3nC/m, which is in good agreement with CSEC
results for R=0.6 and SEY,,,,=1.8.

4 RESULTS OF APPLYING A SOLENOID
FIELD

Figure 2 shows that less intense bunches produce a
strong decrease in the ECFE signal. Therefore, it was
thought that a fill pattern with some missing gaps could
avoid the EC' build-up. To check this possibility, RHIC
was filled with the 110 bunch fill pattern, but using some
gaps in the bunch train, i.e. the same beam and machine
parameters stated in Table 1 except for Np=41 and I,=1.1
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101, In this case, 16 *filled’ bunches were followed by a
gap of 425ns (corresponding to 4 missing bunches). Dur-
ing the third bunch train, only 9 bunches were injected be-
cause of the high P rise. So, the total number of bunches is
Np=16+16+9=41. Fig. 4 shows this pattern as well as the
E('signal. The EC signal was quite evident and stable and
a solenoid field (B) was applied. As can be seen in Fig. 4
(top), a very weak B (5.4 Gauss) already decreases the EC
at RHIC by a factor of ~4, and unfortunately sends the
EC signal below the noise level. Observations with higher
B did not show significant changes. Results from CSEC
simulations are shown on Fig.4 (bottom). According to
Sec. 3, a good and reliable combination is SEY,,4.=1.8
and R=0.6. Simulation results for this case can be seen
at Fig. 4 and confirm that B=5.4 Gauss is already a field
strong enough to put the FC signal under the RHIC elec-
tron detector noise level. Further studies are currently car-
rying on to exactly determine the magnetic field supressing
EC at RHIC.

{Experime
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Figure 4: Experimental suppression of the EC using a
solenoid (top). B=5.4 Gauss sends the EC signal to the
noise level. The simulation results (bottom) show good
agreement. Note a logarithmic scale is used for the sim-
ulation results to highlight the difference in the order of
magnitude.

5 EVALUATION OF P

For I, and N, fixed, the final I,y is stabilized under
certain conditions due to space charge effects. Observa-
tions show that the final P also reaches a certain equilib-
rium between the desorbed gas molecules in the wall and
the gas pumped by the ion pumps. This P can be esti-
mated directly proportional to I,y ( {1]) and depending
on the the electron desorption coefficient (n.) of the beam
pipe wall. This becomes a critical parameter for this cal-
culation. Although 7, changes significantly depending on
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the gas species, temperature, surface material and the im-
pinging electron E ( [9]), we plan to use RHIC to give a
global (regardless the gas species) estimate for 77, based on
the experimental observations for both I, and P. Un-
fortunately, the amount of data is still not enough to give a
reliable value for 7. and further studies are currently being
carried out.

6 CONCLUSIONS

Observations at RHIC and simulation development are
currently being carried and therefore the analysis is not
definitive. However, preliminary results from simula-
tions show good agreement with the latest experimental
data (I on the order of 0.5-10 £4). Both CSEC,
ECLOU D and experimental results show a p = 0.5 nC/m.
We determined a value for R=0.6 + 0.1 for SEY 0z
(1.8-2.1) for baked stainless steel vacuum chambers used;
and SEYp,q, > 2.1 for the unbaked case using CSEC
parametrization. However, variations on R;,; have not
been considered, and these values may vary slightly. Weak
solenoid fields (= 10 Gauss) are strong enough to suppress
the cloud for I, = 101!ppb. We introduced also a prelimi-
nary plan to find a global value for 7). from the observations
of Pand I, wall.
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DEVELOPMENT OF MOVABLE MASK WITH REDUCED-HOM DESIGN
_ FOR KEKB

K. Shibata®) Y. Suetsugu, T. Kageyama, KEK, Tsukuba, Japan

Abstract

At the high energy ring of the KEK B-factory (KEKB),
it was found that some bellows near the movable masks
were overheated due to the higher order mode (HOM) as
increasing the beam current over 900 mA. To cope with
this problem, a new mask was designed where the length
of ramps beside the mask head was expanded from 30
mm to 400 mm. MAFIA T3 simulations showed that the
loss factor for the new long mask was about a half of that
for the previous short one. The power of the TE mode, on
the other hand, which can easily couple with the bellows
through the finger-type RF-shield, was expected to reduce
to about 6 percent of that for the short one. During the
summer shutdown in 2002, two long masks were installed
as a test. In the following run the temperature rise of
bellows near the long masks was about 20 percent of
those near the short ones and the new design was found to
be effective to reduce the HOM. The decrease in the
temperature rise was larger than the reduction of the
HOM power estimated from the loss factor. This result
indicates that the overheating of the bellows is mainly due
to the TE mode like HOM rather than the total HOM.

INTRODUCTION

The KEKB is a high-luminosity electron-positron
synchrotron collider with asymmetric energies to produce
copious B and anti-B mesons for the study on the CP
violation [1]. It has two rings, one is the high energy ring
for 8 GeV electrons (HER), and the other is the low
energy ring for 3.5 GeV positrons (LER). The design
beam current of HER and LER are 1.1 A and 2.6 A,
respectively, and the luminosity goal is 1x10** cm%s™! [2].
To achieve such a high luminosity, there are various kinds
of devices in the vacuum system of KEKB. A movable
mask (or collimator) is one of them to cut off particles
escaped from a bunched beam and to reduce background
noise in the BELLE detector [3-5]. Sixteen movable
masks (eight vertical and eight horizontal type masks) are
now installed in each ring. The position of each mask
head can be adjusted remotely balancing the background
noise in the detector with the beam life time.

In 2002, overheating of bellows just near the vertical
masks in HER was found at the beam current higher than
900 mA. This overheating was caused by the HOM which
went inside of the bellows through slits between RF-
shield fingers of bellows [6]. Some bellows were
overheated up to about one hundred degrees and
sometimes resulted in vacuum leaks. In order to solve this
problem, the vertical movable mask was improved
introducing a reduced-HOM design. Here the structure of
new mask and the estimation of HOM power are
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presented in detail.

REDUCED-HOM DESIGN

Structure

Figure 1 shows sketches of the previous short mask and
the new long one (vertical type). A mask chamber is a
bent chamber and the wall of the chamber has the
function as a mask head. Since the cross section of the
beam chamber is kept constant, there is no trapped mode
at the mask head although the HOM is excited at the mask
head where the beam passes off centre of the beam
chamber [4]. The position of the mask head can be
adjusted by moving the mask chamber with a stroke of
*10 mm around the nominal position. There are bellows
with a finger-type RF-shield [6] at the both side of the
mask chamber to absorb the motion of the mask chamber.

In order to reduce the power of the HOM generated at
the mask head, the length of the ramps beside the mask
head was expanded from 30 mm to 400 mm with the
same height of 15 mm in the case of the improved long
mask. The length of the ramp was limited to 400 mm by
the space for installation.

Reduction of Loss factor

To estimate the effect of this new long mask, the loss
factor of a vertical mask was calculated by using MAFIA
T3 simulation code. The distance from the mask head to
the beam and the bunch length were set for 10 mm and 6
mm, respectively. Figure 2 shows the loss factor, £, as a
function of the ramp length of the mask head, /. The loss
factor decreases rapidly with increasing the ramp length
from 30 mm to 100 mm. After that the loss factor

decreases gradually with the ramp length. When the ramp

length is expanded from 30 mm to 400 mm, the loss

Previous Short Mask

400 mm
Mask Head | Bellws
' |

Mask Chamber

Figure 1: Previous short mask and new long mask.

The length of the ramps was expanded from 30
mm to 400 mm., '
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Figure 2: Loss factor, k, of the HER vertical
mask as a function of the ramp length, /.

factor is reduced to about 46%. It is, therefore, expected
that the temperature rise of the bellows near the mask
should reduce to about a half at least. For 1000 mA beam
with 1200 bunches, for an example, the power loss should
reduce from 2.8 kW to 1.3 kW.

Reduction of TE mode

TE mode can easily couple with the bellows through
the slits between RF-shield fingers. (The width and length
of the slit are 0.5 mm and 20 mm, respectively [6].) It is,

100 mm

Beam axis
Vertical mask

Monitoring point
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Figure 3: The averaged intensity, <B,>>, of the
HER vertical mask as a function of the ramp
length, /. The monitoring point is also
indicated in the sketch above.

therefore, very important to consider the effect of the TE
mode among various modes.

To estimate the power of the TE mode, the magnetic
field component B,, which is parallel to the beam axis,
just near the inner wall of the beam duct was calculated.
The monitoring point was 100 mm away from the edge of
the ramp beside the mask head that is the nearest bellows
position.

The results are shown in Fig. 3 as a function of the
ramp length, where <B,>> is the averaged intensity of B,
for 5 ns after a bunch passed by the monitoring point
(about a half of the present bunch spacing) excluding the
beam induced field and it represents the power of the TE
mode. The averaged intensity, <B,>>, decreases more
drastically than the loss factor (Fig. 2). Comparing the
case of 30 mm with 400 mm, <B,> reduces to about 6%.
It is, therefore, expected that the temperature rise of the
bellows near the masks could reduce to about 1/16.

RESULTS AND DISCUSSIONS

During the summer shutdown in 2002, two long masks
were installed in HER as a test and the temperatures of
bellows just near the vertical masks were measured.
Figure 4 shows the behaviour of temperatures of bellows
near new long masks and previous short ones against the
beam current. Because of the resonance phenomenon,
there are some differences between data. However, it is
obvious that the temperature rises of the bellows near the
new long masks are smaller than that of the previous ones.
When the beam current was 950 mA, the temperature rise
reduced to about 20% on average.

The ratios of the temperature rise of the bellows near
the long mask to that near the short one are shown in
Table 1, where AT, AT} and AT} represent the temperature
rise_obtained by the measurement, expected from k and
<B>, respectively. There are some discrepancies
between the expectations and the observations. The
experimental result is between the expectations.

The expectation from the loss factor & is larger than the
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Figure 4: Behaviour of bellows temperature, 7T,
against HER beam current.
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Table 1: Reduction of the temperature rise
obtained by the measurement and expected

from k and B,.
. AT, (400 mm)
Expectation from k TRV o
P 4T, (30 mm) 0.48
. AT (400 mm)
Experimental result m =0.2
Expectation from <B,2> ATp (400 mm) _ 0.06
(full frequencies) ATz (30 mm) ’
Expectation from <B,2> ATg (400 mm) 0.2
(f>2 GHz) AT (30 mm) ’

experimental result. This difference can be explained by
that the effects of both the TE and TM modes were
included in the expectation from k. Practically, only the
TE mode can go through the RF-shield of bellows and
contribute the heating of the bellows. According to the
calculation by MAFIA, the reduction of the TE mode is
larger than that of the TM mode with increasing the ramp
length. The expectation from the loss factor must be
underestimated. .

On the other hand, the expectation from <Bzz>, that
represents the TE mode power, is less than the
experimental result. One possible explanation for this
difference is that heating of the bellows depends on
frequency of the TE mode and all of the TE modes are not
responsible for heating of the bellows.

Figure 5 shows the calculated spectrum of B, for the
short mask and the long mask. For the short mask there is
a strong HOM around 1.5 GHz. However, the TE modes
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Fig. 5: Spectrum of B, for the new long mask (] =
400 mm) and the previous short mask (/ = 30 mm).
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with low frequencies hardly go through the RF-shield of
bellows, because the slits between RF-shield fingers are
short compared to the wavelength. For example, taking
into account only the TE modes with frequencies higher
than 2 GHz, the expectation from <B,>> gets close to the
observed result (Table 1).

CONCLUSION

In order to suppress the heating of the bellows just near
the vertical movable masks in HER, the movable mask
with a reduced-HOM design was developed. The length
of ramps beside the mask head were expanded from 30
mm to 400 mm. After installation of the new long masks,
the temperature rise of the bellows just near the masks
reduced to about 20%, and it was confirmed that this new
long mask is very effective to reduce the temperature rise
of the bellows. Furthermore, from MAFIA T3 simulation
it was found that the TE modes with frequencies higher
than 2 GHz mainly responsible for heating of the bellows.

During the winter shutdown in 2002-2003, more two
long vertical masks were installed in HER. After
installation of the new long masks the stored current was
increased gradually, and at the beginning of May 2003 it
was about 1.1 A for HER (design current [2]). The
maximum peak luminosity exceeded the design value and
reached 1.03x10* cm2s, Overheating of bellows near
the new long masks has not been found. All the short
masks in HER will be exchanged for the new long masks
during the summer shutdown in 2003.
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DEVELOPMENT OF WINGED HOM DAMPER
FOR MOVABLE MASK IN KEKB

Y.Suetsugu#, T.Kageyama, Y.Takeuchi, K.Shibata, KEK, Tsukuba, Japan

Abstract

In a high luminosity lepton machine such as the KEK
B-factory (KEKB), the vacuum components are likely to
be annoyed by intense higher order modes (HOM) due to
the high beam currents. A winged HOM damper
equipped with SiC HOM absorbers was developed to
absorb unnecessary HOM, especially TE mode like HOM
with a power of several kW. Four dampers were installed
in the KEKB ring near movable masks and relieved
heating of bellows and pump elements effectively at the
beam current up to 1.5 A.

INTRODUCTION

The KEK B-factory (KEKB) is an electron-positron
collider with asymmetric energies consisting of two rings,
that is, the High Energy Ring (HER) for 8.0 GeV
electrons and the Low Energy Ring (LER) for 3.5 GeV
positrons [1]. To realize the high luminosity, 10 nb™ s/,
the design currents are larger than those of conventional
colliders and are 1.1 A and 2.6 A for HER and LER,
respectively.  The commissioning of KEKB started in
December 1998 [2,3]. At the beginning of May 2003, the
achieved stored beam currents were about 1.1 Aand 1.5 A
for HER and LER, respectively, with 1284 bunches. The
KEKB is now able to serve the world-record peak
luminosity of 10.3 nb™ s for the BELLE detector, which
surpassed the design luminosity [4].

As increasing the stored beam current during the
commissioning, the heating of vacuum components, such
as bellows and pumps got apparent gradually due to the
intense higher order modes (HOM) excited by the high
currents [5]. The HOM in special problem is the TE
mode like HOM since the RF shield of bellows (finger
type) and the axial slots of pump port can shield well the
TM mode like HOM [6,7]. To solve these problems,
therefore, a new HOM damper specialized for the TE
mode like HOM with a power of several kW was
developed and installed. The developed dampers are
working as expected now at the stored beam current of
1.5 A and will be also available for future high current
operation.

TROUBLES DUE TO HOM

Heating of Bellows

A movable mask (or collimator) of KEKB is a device
that captures spent electrons/positrons just near the beam
orbit and reduces the background noise in the BELLE
detector [8,9]. The mask head is protruded from the side
wall of beam chamber and positioned just near the beam
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orbit (a few mm). The intense HOM, especially TE
mode like HOM, therefore, is excited there. A typical
loss factor of a movable mask is about 0.6 V pC™* (6 mm
bunch length) and the beam current of 1.4 A with 1200
bunches, for an example, brings the energy loss of about
10 kW.

During operation, the bellows near the movable masks
were apparently heated up compared to those far from
masks [S]. The average temperature of some bellows at
the beam current of 1.3 A was 57 °C while that of the
other bellows far from the masks was less than 30 °C.
The temperature showed a resonance phenomenon and
depended on the bunch fill pattern, the bunch current and
also the position of mask head.

Abnormal Vacuum Pressure Rise

Another example is the abnormal pressure rise near the
movable masks again observed at the beam currents
higher than 1.3 A in LER. The region that showed the
abnormal pressure rise extended from about 30 meters
downstream side to about 20 m upstream side of a block
of movable masks (see Fig.4 later). It was also found
that the main gas was hydrogen and the temperature of
non-evaporable getter (NEG) pumps, the main pumps of
the KEKB [5,6], was higher near movable masks than
others. The pressure rise, therefore, was explained as the
gas desorption from the NEG element heated by the HOM
again especially the TE model like HOM, excited at the
movable masks. The element of NEG in the pump
chamber is nearly insulated thermally and even a weak
power (several tens W) can easily heat the NEG element
over 100 °C.

DEVELOPMENT OF HOM DAMPER
Design

To solve the problems described above, a new beam
chamber equipped with HOM absorbers (HOM damper)
was developed specializing for TE mode like HOM. The
damper has delta-type wings and two SiC rods (¢ 55 mm
X 400 mm) are installed inside the both wings as shown in
Fig.1. The design is based on the grooved beam pipe
scheme successfully applied to the KEKB ARES cavity
system [10,11]. The SiC ceramics has the typical real
and imaginary part of the relative dielectric constant of 21
and 5, respectively, at 1 GHz [12]. The SiC rod had been
tested preliminarily up to the input power of about 4 kW
using a 1256 MHz microwave. The test model was
designed for the LER and the beam channel has a circular
cross section with a diameter of 94 mm as other usual
beam chamber [6]. The total length and width of the

£
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Figure 2: Winged HOM damper combined with
horizontal-type movable mask.

winged damper are 1200 mm and 505 mm, respectively.
The angle between the axis of SiC rod and the beam orbit
is 15°. By making the axes of SiC rod and beam channel
almost parallel; the HOM can be absorbed uniformly all
over the SiC rod. The wing and the beam channel are
connected with a long slot (20 mm wide x 707 mm long)
and the TE modes with a polarization perpendicular to the
wings can be absorbed efficiently.  Whole view of a
winged HOM damper together with an LER horizontal-
type movable mask is presented in Fig.2.

RF Propeiftj'i '

The calculation using the HFSS simulation code
optimized the whole structure. The S, (transmission)
and Sy, (reflection) parameter of a winged HOM damper
for the TE,; mode in a circular wave guide is presented in
Fig.3 for the frequencies from 2 GHz to 6 GHz. For that
elementary mode, the absorption rate of the damper is
more than 10 dB in average for the wide frequency range.
The loss factor is estimated as less than 0.01 V pC™ at the
bunch length of 10 mm and much smaller than that of the
other components such as a movable mask.

RESULTS
Effect of Installed HOM Damper

Two pairs of the winged dampers were installed into
the LER in 2002 as a test putting a block of four movable
masks (two horizontal-type and two vertical-type)
between each pair. The schematic locations of the HOM
dampers (Damper 1 — 4) and movable masks are shown in
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Figure 3: S parameters of winged HOM damper.

Fig4.  The distances between a pair of dampers and
between two blocks are about 25 m and 50 m,
respectively. Since the pump ports are at the bottom of
beam chamber, the wings were placed vertically and near

. the horizontal mask as shown in Fig.2.

The powers absorbed by each HOM dampers at the
beam current of 1.4 A are written down also in Fig.4 and
the total power was about 11 kW. The total loss factor of
four horizontal movable masks is about 2.4 V pC" and the
corresponding energy loss is about 40 kW. Two pairs of
HOM dampers, therefore, absorbed about 20 % of the
power generated at four horizontal masks although the
absorbed power in each HOM damper was somewhat
scattered. Be careful that the power estimated from loss
factor should include the whole HOM and the absorption
rate for the TE mode like HOM will be higher.
Measurements and identifications of modes in the beam
chamber by carefully inserted antenna or experiments by
rotating the winged HOM dampers may help the more
accurate estimation.

After the installation, the temperatures of bellows just
outside the paired dampers were measured. The
temperature rises reduced to a half (from 33 °C to 16 °C)
at the beam current of 1.3 A. The remained temperature
rise of bellows should be due to the HOM that cannot be
absorbed by the installed HOM dampers with vertical
wings. The abnormal pressure rise near the mask was also
disappeared outside of the HOM dampers even at 1.5 A.

Distribution of Absorbed Power

Although the effectiveness of the HOM damper was
demonstrated, there was an interesting phenomenon on
the distribution of the absorbed powers. As shown in
Fig.4, the absorbed HOM power of the HOM dampers at
downstream side of a block of masks (Damper 2 and 4,
D-dampers here after) are larger than that at upstream side
(Damper 1 and 3, U-dampers) by a factor 2.  This
tendency has been also recognized by the range showing
abnormal pressure rise.

To investigate the imbalance of the absorbed power, the
simulation was performed using MAFIA code. Figure §
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Figure 4: Locations of four HOM dampers (Damper 1-4) and movable masks in the ring, where “H” and “V”
means the horizontal and vertical-type movable mask, respectively. The each absorbed power is that at 1.4 A.
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Figure 5: Intensity of axial magnetic field at
downstream and upstream side, D-<B,%> and U-<B,>,
and the loss factor, £, as a function of the ramp length,

I/ [mm], of a trapezoidal HOM source as sketched in
the figure.

shows the relative intensities of the axial component of
magnetic filed at downstream and upstream side, D-<B,>>
[a.u.] and U-<B,>> [a.u.], and the loss factor, & [VC, as
a function of the ramp length, / [mm], of a trapezoidal
HOM source as sketched in the figure (10 mm bunch
length). The trapezoidal HOM source is used
considering the actual shape of a mask head [9]. The
average intensity <B,>> is the square of axial magnetic
fields monitored at just near the side wall of beam duct
(see the sketch in Fig.5) and averaged in the frequency
range from 1 to 10 GHz. The distance between
monitoring points and the source is 1 m. The <B,>> can
be regarded as a value in proportion to the intensity of TE
mode like HOM.

As shown in the figure, the ratio of D-<B,> to U-<B,>
"is almost same if the ramp length is comparable to the
bunch length. As i mcreasmg the ramp length, however,
the ratio of D-<B,>> to U-<B,> becomes larger. .The

higher TE mode like HOM intensity at downstream side
of a trapezoidal HOM source may be explained by an
interaction between the excited HOM at ramps and the
passing bunched beam. Considering the actual size of

movable masks, / = 130 mm, the larger absorbed power at
D-Dampers is reasonable qualitatively.

Quantitatively, however, there i 1s still some dlscrepancy
The calculated ratio of D-<B,> to U-<B,>> for the
present mask size is larger than that of absorbed powers in
D- and U- Dampers. One possible explanation of the
observed 